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ABSTRACT

Schistosomiasis is a widespread neglected parasitic disease, endemic in 54 countries,
for which 290 million people needed treatment in 2018. A major Schistosoma species,
Schistosoma mansoni, is sustained via a life cycle that includes both human and snail hosts.
Mathematical models of S. mansoni transmission are an integral tool for elucidating the
complexities of the transmission cycle, interactions between parasite species and for the
estimation of the impact of intervention efforts. We designed both deterministic and
stochastic mathematical models to understand the impact of heterogeneity in host and
parasite composition on projected infection control. These models indicate the impact of
interventions are altered by: parasite fitness as it is modified by snail demography,
interactions with trematode species within these snail hosts, seasonal fluctuation in snail host
population density, the distribution of schistosomes within human hosts and the differential
impact of the primary form of chemoprophylaxis on schistosome life stages.
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Chapter 1: Modeling schistosomiasis transmission: the importance of snail population
structure
Anderson, L.C., Loker, E.S. & Wearing, H.J. Modeling schistosomiasis transmission: the
importance of snail population structure. Parasites Vectors 14, 94 (2021).

Abstract
Schistosomiasis is a neglected tropical disease endemic in 54 countries. A
majorSchistosoma species, Schistosoma mansoni, is sustained via a life cycle that includes
both human and snail hosts. Mathematical models of S. mansoni transmission, used to
elucidate the complexities of the transmission cycle and estimate the impact of intervention
efforts, often focus primarily on the human host. However, S. mansoni incurs physiological
costs in snails that vary with the age of the snail when first infected. Snail demography and
the age of snail infection could thus affect the force of infection experienced by humans,
which is frequently used to predict the impact of various control strategies. To address how
these snail host and parasite interactions influence model predictions, we developed
deterministic models of schistosomiasis transmission that include varying complexity in the
snail population age structure. Specifically, we examined how model outputs, such as
schistosome prevalence in human and snail populations, respond to the inclusion of snail age
structure. Our models suggest that snail population age structure modifies the force of
infection experienced by humans and the relationship between snail infection prevalence and
corresponding human infection prevalence. There are significant differences in estimated
snail infection, cercarial density and mean worm burden between models without snail
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population dynamics and those with snail populations, and between models with a
homogeneous snail population and those with age stratification. The variation between finely
age-stratified snail populations and those grouped into only juvenile and adult life stages is,
however, minimal. These results indicate that including snails and snail age structure in a
schistosomiasis transmission model alters the relationship between snail and human infection
prevalence. This highlights the importance of accounting for a heterogeneous intermediate
host population in models of schistosomiasis transmission where the impact of proposed
control measures is being considered.

Introduction

Schistosomiasis is a neglected parasitic disease caused by various trematode species of the
genus Schistosoma, for which 218 million people needed treatment in 2015 [1]. Chronic
schistosomiasis infections can lead to serious complications such as kidney damage and
enlargement of the liver and spleen [2]. One of the most
common Schistosoma species, Schistosoma mansoni, is dependent on both humans and
specific species of planorbid snails within the genus Biomphalaria for sustained transmission
and survival. However, modeling efforts are frequently focused solely on the human host and
typically neglect the non-linear dynamics that may be occurring within the snail segment of
the transmission cycle. Because this parasitic life cycle has proved robust to elimination, a reexamination of the key assumptions of mathematical models and their consequences for
informing control interventions is warranted.

There is a long tradition of the application of mathematical modeling to problems of
schistosomiasis control. Numerous mathematical models of schistosomiasis transmission
2

have addressed heterogeneity in infection risk in humans due to spatial factors,
socioeconomic status, immune competency and behavior [3,4,5,6,7,8,9,10]. There have been
fewer studies that address the role of heterogeneity in the intermediate host population for S.
mansoni transmission. These studies have incorporated spatial distribution of snails, the
prepatent infection period, differential mortality, logistic population growth and parasiteinduced castration [3,4,5,6,7,8,9,10]. However, models often classify the snail population as
relatively homogeneous, discounting the role that age structure of intermediate hosts could
play in disease dynamics.

Age structure within definitive hosts has been shown to impact transmission, and for some
diseases, to change the basic reproductive number (R0) and estimates of the impact of
proposed control measures [11,12,13,14]. For instance, age population structure has been
found to alter R0 estimates for rubella, influenza and other diseases [15, 16]. Broadly, host
age effects are due to age-specific differences in contact patterns, host immune competency,
susceptibility and transmission capability, and fitness costs [12, 17,18,19,20,21,22,23,24].
Overall, significantly less work has centered on the consequences of age structure in
intermediate host populations. However, population age structure has been shown to be
important in models of Echinococcus transmission. In that system, age structure is relevant
because the parasite maturation is fast relative to the intermediate host lifespan and there is
differential infection load and output between intermediate host age classes [25]. There are
distinct parallels between that system and the Biomphalaria and S. mansoni interaction with
respect to infection persistence in the intermediate host and the relationship between
intermediate host age and parasite output.
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Schistosoma infection in the intermediate host incurs an array of fitness costs. These costs
include: reduced fecundity and the eventual castration of the snail, increased rates of
mortality, and in certain life stages a reduction in growth rate [26,27,28]. The consequences
of infection may then play a role in the structuring of the snail population and its growth rate.
Conversely, the age of the snail at the time of infection can also impact the relative success of
the parasite. The quantity of cercariae produced by the infection of a single snail is dependent
on the snail surviving the prepatent period, its subsequent lifespan and the size of snail
[29, 30]. In general, the greater the snail size the greater the gonadal tissue volume available
for cercarial production within the snail host [31]. As schistosomiasis infection can decrease
the lifespan and growth rate of the intermediate host, the timing of infection may impact the
lifetime cercarial output of the snail. There are several competing fitness costs associated
with S. mansoni infection, which may lead to interactions between snail and human host
infection levels that are not immediately obvious or intuitive.

In the present work, we assess the effect of age structure within the intermediate host
population on the potential force of infection (FOI) to humans. The FOI is an integral
component of mathematical models and is used to estimate the impact of treatment
interventions on overall schistosomiasis prevalence [32,33,34,35,36,37,38]. Estimates of the
FOI are usually extrapolated from human or snail prevalence data [27, 37]. In models without
the inclusion of snails, the FOI is assumed to be directly (and linearly) related to the human
infection prevalence or overall population egg output [33]. Herein we show that FOI
estimates may vary widely depending on the inclusion of snails in the model and the age
structure profile of the snail host population.

4

Methods
Mathematical model
We developed a deterministic model framework, formally described by a system of ordinary
differential equations, which allows us to study the impact of snail population structure on
schistosomiasis transmission. Compartments within the mechanistic model include
schistosome, cercarial and miracidial life stages and definitive human hosts, and allow us to
consider intermediate hosts of several age groups. The human population is kept constant in
size as schistosomiasis results in morbidity but not in significant mortality in humans; it is
also kept constant in size to isolate the effects of snail dynamics. Humans can have a worm
burden of zero, a prepatent infection or a worm burden corresponding to a light, moderate or
heavy infection. We also explore an alternative model that utilizes mean worm burden
instead of infection intensity, the results of which are presented in the Additional file 1.
These infection intensity designations are based on the World Health Organization’s
classification system and relate directly to the number of schistosome eggs found per gram of
stool in infected individuals [1]. The snail hosts can be susceptible to schistosome infection,
exposed and in a pre-patent stage of infection, or infectious. Infection in humans lasts on
average 3 years, after which they are again susceptible to reinfection without any additional
immune protection [39]. Acquired immunity to schistosomiasis following infection has been
extensively debated: reinfection is common, and any acquired immunity may only be
partially protective and take a long period of intense exposure to develop; therefore, human
immunity is not included within this model [40,41,42]. Within the snail population, S.
mansoni infection is assumed to be lifelong.

5

We consider seven different model structures, six of which represent varying complexity in
snail age structure and one model without the inclusion of any snails in the S. mansoni
transmission model (Fig. 1). This level of detail is included to determine if non-linear
feedback between human and snail infection predicted to occur with fine-scale snail age
stratification, due to the age-specific fitness costs, is significantly different enough between
population structure options to warrant the added complexity of the inclusion of all age
groups. This is of particular interest as parameterizing detailed snail age structure from field
studies may be time intensive and logistically difficult.

Fig. 1a, b

6

Model structure diagrams. a Diagrams of the model framework illustrating the complete
transmission cycle, the human infection status with variable Schistosoma mansoni worm
burden, and the age-stratified snail population. S Susceptible class, E exposed
class, I infected class, IC infected and castrated snails; IL infected humans with a low S.
mansoni burden, IM infected humans with a moderate S. mansoni burden, IH infected humans
with a heavy S. mansoni burden. b The completely stratified model for the snail population
includes neonatal (N), juvenile (J), small (S) and large (L) adult age classes; this is simplified
in various combinations in later model structures. The colors represent the way in which the
age classes are combined in each model structure. The missing age groups in all models,
excluding the completely stratified model, are subsumed into the larger age class. For
example, in the neonatal and juvenile and large (N+J+L) model, small adults are subsumed
into the large adult age class. In the small and large (S+L) model, neonatal and juvenile snails
are subsumed into the small adult snail class. In every version of the model the snails can still
be assigned to any of the infection statuses

Within the completely stratified model, snail age groups include neonatal, juvenile, small
adult and large adult life stages. These correspond to specific Biomphalaria glabrata shell
size classes of 0–5 mm, 5–9 mm, 9–11 mm and 11+ mm, respectively. The size classes have
been shown in laboratory studies to have varying fitness responses to infection and
differential schistosome cercarial shedding after infection [5, 29, 30, 43,44,45]. All model
versions include fitness costs of infection. These fitness costs include: reduced growth rate,
reduced or arrested fecundity, and increased mortality with infection. Snails infected in either
the neonatal or juvenile class have slowed growth rates and therefore slowed progression into
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the adult classes [5, 24]. Snails that are infected in either adult class do not display
diminished growth. Increased mortality after infection is consistent across all age classes. If
infection with S. mansoni occurs prior to reproductive maturity then reproduction does not
occur; after reproductive age is reached castration of the snail occurs after approximately
6 weeks [46]. These age categories and their corresponding snail shell size represent differing
cercarial output post-S. mansoni infection [5, 27, 29, 30, 47].

Conceptual diagrams of the completely stratified and alternative model structures are
portrayed in Fig. 1. In general, the merged groups are considered to have the averages of the
characteristics and parameters associated with the component groups and weighted by the
time spent in each age group. For instance, the juvenile and small and large (J+S+L) model
has effectively three age classes: juvenile, small adult and large adult, as the neonatal age
group is subsumed into the juvenile age group. The merged neonatal and juvenile group will
have a parameter that is a weighted average of the neonatal and the juvenile values. The
model without snail age groups assumes all snails are large adults; this is a common
assumption in other models, as large snails are more likely to be collected in field surveys. A
full description of the model parameters is found in Table 1, and a full description of all
model subset equations can be found in the supplementary materials.

Parameter

Parameter Description

Parameter

Name
m

Reference

Range
Maximum number of snails in
the environment

8

5000-20000

Estimated

c

Liters of water in the

1000-100000

Estimated

Reduced rate of maturation in

.714 of

[35,38]

infected neonates / juveniles

maturation rate

environment
l2

in uninfected
neonates /
juveniles
l3

Averaged reduced rate of

.75 of

maturation in infected snails in

maturation rate

the combined

in uninfected

neonate/juvenile/small adult

snails

[35,38]

class
w1

Average time to mature from

7 weeks

[35,38,51]

5 weeks

[35,38,51]

2 weeks

[35,38,51]

neonate to juvenile
w2

Average time to mature from
juvenile to small adult

w3

Average time to mature from
small adult to large adult

1/dm

Lifespan of miracidia

4-16 hours

[10]

1/dc

Lifespan of cercariae

8-20 hours

[10]

u1

Mortality rate of uninfected

.007-.152 /

[35, 36]

neonatal snails

week

9

u2

Mortality rate of infected

.062-.607 /

neonatal snails

week

Mortality rate of uninfected

.007-.152 /

juvenile snails

week

Mortality rate of infected

.062-.607 /

juvenile snails

week

Mortality rate of uninfected

.007-.152 /

small adult snails

week

Mortality rate of infected small

.062-.607 /

adult snails

week

Mortality rate of uninfected

.007-.152 /

large adult snails

week

Mortality rate of infected large

.062-.607 /

adult snails

week

1/u9

Lifespan of humans

60 years

[48]

f1

Fecundity of susceptible small

40 / week

[26,29,30,46,49]

4.77 / week

[5,29,46,49,50]

4.77 / week

[5,29,30,46,49,50]

40 / week

[5,29,30,46,49,50]

u3

u4

u5

u6

u7

u8

[35, 36]

[35, 36]

[35, 36]

[35, 36]

[35, 36]

[35, 36]

[35, 36]

adult snails
f2

Fecundity of exposed small
adult snails

f3

Fecundity of infected but not
castrated snails

f4

Fecundity of susceptible large
adult snails

10

f5

Fecundity of exposed large

4.77 / week

[5,29,30,46,49,50]

4.77 / week

[5,29,30,46,49,50]

13.33 / week

[5,29,30,46,49,50]

1.59 / week

[5,29,30,46,49,50]

adult snails
f6

Fecundity of infected but not
castrated adult snails

f7

Weighted average fecundity of
susceptible snails in the
combined
neonatal/juvenile/small adult
class

f8

Weighted average fecundity of
exposed or infected but not
castrated snails in the combined
neonatal/juvenile/small adult
class

g

Castration rate of snails

.1667 / week

[46]

1/y

Prepatent period in snails

18-45 days

[39]

e1

Exposure rate of neonatal snails

50-150/ week

Estimated

50-150/ week

Estimated

50-150/ week

Estimated

to miracidia
e2

Exposure rate of juvenile snails
to miracidia

e3

Exposure rate of small adult
snails to miracidia
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e4

Exposure rate of large adult

50-150/ week

Estimated

0-1

[5,51,52]

0-1

[5,51,52]

0-1

[5,51,52]

0-1

[5,51,52]

snails to miracidia
p1

Per parasite susceptibility for
neonatal snails

p2

Per parasite susceptibility for
juvenile snails

p3

Per parasite susceptibility for
small adult snails

p4

Per parasite susceptibility for
large adult snails

s1

Shedding rate of neonatal snails

2800 / week

[29,43]

s2

Shedding rate of juvenile snails

5500 / week

[29,43]

s3

Shedding rate of small adult

6000 / week

[29,43]

6800 / week

[29,43]

3925 / week

[29,43]

6774 / week

[29,43]

snails
s4

Shedding rate of large adult
snails

s5

Averaged shedding rate in
combined neonatal/juvenile
snail class

s6

Averaged shedding rate in
combined small/large adult
snail class

12

s7

Averaged shedding rate in

4925 / week

[29,43]

Snail-to-human transmission

.00001-.001 /

Estimated

rate

week

Probability of eggs reaching

0-1

[27,39,51]

.2-.333 / year

[39]

.2-.333 / year

[39]

.2-.333 / year

[39]

combined
neonatal/juvenile/small adult
snail class
b

hw

water and hatching
q1

Recovery rate among lightly
infected humans

q2

Recovery rate among
moderately infected humans

q3

Recovery rate among heavily
infected humans

1/lh

Latent period in humans

25-30 days

[39]

v1

Proportion of infected humans

0-1

[51]

0-1

[58]

0-1

[58]

7000 / week

[39,53]

who are lightly infected
v2

Proportion of infected humans
who are moderately infected

v3

Proportion of infected humans
who are heavily infected

g1

Eggs produced by a lightly
infected human

13

g2

Eggs produced by a moderately

28000 / week

[39,53]

70000 / week

[39,53]

350 /day

[54]

200/day

[55]

infected human
g3

Eggs produced by a heavily
infected human

g4

Eggs produced per mated
female schistosome

i

Grams of feces produced per
human

Nh

Total human population size

200

Estimated

z

Scaling parameter

1-10

Estimated

k

Worm aggregation constant

.24

[54]

Table 1 Description of model parameters and ranges used in the Latin hypercube parameter
sets. All parameter values correspond to Schistosoma mansoni and Biomphalaria glabrata

Model simulations and output
The seven model structures (detailed in Fig. 2) were explored to discover the impact of
varying levels of complexity in age structure. The metrics calculated to evaluate the effect of
age structure include: snail and human infection prevalence, the relationship between these
infection levels at equilibrium, cercarial density, mean worm burden, the ratio of cercarial
and miracidial density at equilibrium, and the R0 of the transmission system. The snail-tohuman transmission rate was estimated and represents a compound rate of weekly exposure
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given cercarial density and the probability of infection given exposure. Multiplied by the
density of cercariae in the environment, this represents the FOI experienced by humans. In
models without snails, the FOI is the product of the transmission rate and the miracidial
density. Mean worm burden was calculated by using estimates of eggs produced per mated
pair of worms per day, eggs produced per gram of feces in each human infection class, grams
of feces produced per human per day and the set number of humans in our system [1, 54, 55].
The classic Anderson and May mean worm burden model was also used for comparison and
is presented in Additional file 1: Figures S18 and S19 [39]. The system R0 values for age
class combinations were obtained through next generation matrix methods [18, 56].
The R0 sensitivity analyses, simulation results, and next generation matrix equations are fully
described in the Additional file 1. All model simulations were performed in (MATLAB
r2019; The MathWorks, Natick, MA).

Fig. 2

Global sensitivity analyses using Latin hypercube sampling (LHS) parameter sets and
isolating the impact of changes in median cercarial density to force of infection (FOI) and
snail density. The median cercarial density is primarily sensitive to the density of snails with
high levels of infection possible only with high snail density, irrespective of the snail-to-
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human transmission rate. There are greater levels of cercarial density for the model without
snail age stratification than for models with snail age stratification at comparable snail
density and snail-to-human transmission rate values. Juv Juvenile

Sensitivity analyses
In order to account for the potential variability in parameter values, two types of sensitivity
analyses were performed. First, we performed local sensitivity, varying each parameter value
while keeping all others constant. These sensitivity analyses determined the model
parameters with the most impact on the key model outcomes of interest: human infection
prevalence, mean worm burden, snail infection prevalence, cercarial density, and R0 of the
entire system. The resulting line plots for those parameters found to alter our model
outcomes are presented in the supplementary information (Additional file 1: Figures S1–S5).
The interaction of parameters that were found to impact the outcomes of interest was further
explored by the generation of heat maps. The interaction of the snail-to-human transmission
rate and the snail density, both estimated parameters, and their impact on cercarial density,
snail and human infection levels and mean worm burden are shown in Additional file 1:
Figures S6–S9. The remaining heat maps are presented in the supplementary materials
(Additional file 1: Figures S10–S12).

Second, we performed global multivariate sensitivity analyses using Latin hypercube
sampling (LHS) for the 44 parameters presented in Table 1. Those parameters that
represented probabilities were uniformly sampled within the range 0–1. In the specific case
of the proportion of infected humans the total proportion was set to 1. Parameters not
restricted to values between 0 and 1 were sampled from uniform distributions within the
16

empirically determined ranges presented in Table 1. Parameters with only a single estimate
from the literature or a minuscule range were sampled from a range 0.5–2 times that
presented in Table 1. The sensitivity of the transmission system to any estimated parameters
is explored over an extensive range. Due to the large number of parameters and the paucity
of data, LHS was used to compile 10,000 possible parameter sets to gain confidence in the
relationships between these variables and snail and human infection prevalence over a
spectrum of parameter values. These 10,000 possible parameter sets were used for each of
the seven model options: completely age stratified; neonatal and juvenile and large adult
snails; juvenile and small and large adult snails; juvenile and large adult snails; small and
large adult snails; no age stratification—all large adults; snail-less model.
Results
Sensitivity analyses
Sensitivity analysis allowed us to identify the parameters that are most influential for the
outcomes of interest. The outcomes of interest (R0, mean worm burden, human and snail
prevalence, and cercarial density—which is directly related to the FOI experienced by
humans), are impacted by snail density and the snail-to-human transmission rate. The impact
of snail density and snail-to-human transmission rate on cercarial density and human
infection prevalence are presented in Figs. 2 and 3. The impacts on snail infection
prevalence, mean worm burden and R0 are shown in Additional file 1: Figures S13, S14 and
S17. Snail density can be altered in one of two ways, either by modifying the maximum
number of snails in the environment or the size of the habitat. These may change through
different mechanisms. For instance, maximum snail population size may be impacted by
competition, resource availability (which may not be exclusively correlated with habitat
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size), and snail control measures. Habitat size may fluctuate due to seasonal variation in
rainfall or human-mediated habitat alteration.

Fig. 3

Global sensitivity analyses using LHS parameter sets and isolating the impact of changes in
median proportion of humans infected to FOI and snail density. The median proportion of
humans infected at equilibrium is sensitive to both the snail-to-human transmission rate, and
the density of snails. There are greater proportions of humans infected for the model without
snail age stratification than for models with snail age stratification at comparable snail
density and snail-to-human transmission rate values. For abbreviations, see Fig. 2

The relative ranking of unstratified, partially age stratified and completely age stratified for
the highest median cercarial densities, holds over a range of snail-to-human transmission
rates, habitat sizes and maximum snail populations sizes (Fig. 2). The sensitivity analyses
indicate that snail density, as modified by habitat size or maximum snail population size, has
an appreciable impact on cercarial density and snail infection prevalence (Fig. 2; Additional
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file 1: Figure S13). The snail-to-human transmission rate impacts the median cercarial
density only in that there is a threshold it needs to exceed for sustained S.
mansoni transmission, after which there is no appreciable impact on median cercarial density
(Fig. 2). Increases in the maximum snail population size lead to linear increases in cercarial
density because, with a constant habitat size, the cercarial population is directly related to the
absolute quantity of snails in the environment (Fig. 2). The unstratified model displays higher
median cercarial density because the cercarial production for an infected snail is related to
snail age and size and the unstratified model is comprised of only large adult snails. These
large adult snails produce more per capita cercariae when infected than any other snail age
class.

The median proportion of snails infected saturates over a range of snail-to-human
transmission rate values (Additional file 1: Figure S13). The impact of the snail-to-human
transmission rate is directly applied to human infection; however, the effect on snail infection
is diluted by the processes occurring in the human to snail portion of the transmission cycle.
Similarly, maximum snail population size did not have an appreciable effect on the median
proportion of snails infected after a certain snail population size was reached (Additional
file 1: Figure S13). Conversely, the habitat size had a substantial impact on snail infection; as
the habitat size increased the snail infection levels decreased (Additional file 1: Figure S13).
This reduction is due to the decrease in the miracidial and cercarial density with larger water
body volume. Common to all of these simulations is the negligible differences in median
snail infection levels for unstratified snail age models versus age-stratified models.
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In contrast to cercarial density and snail infection prevalence, human infection prevalence
and mean worm burden are not only heavily impacted by snail density but show a more
nuanced relationship with the snail-to-human transmission rate (Fig. 3; Additional file 1:
Figure S14). This disparity is due to the composition of the FOI experienced by humans. The
FOI is the product of the snail-to-human transmission rate and cercarial density, which is
correlated with snail density, whereas snail infection prevalence is indirectly related to the
snail-to-human FOI through the link between human infection prevalence and snail infection
prevalence. Similar to snail infection and cercarial density, all model types display
decreasing human infection as the habitat size increases (Fig. 3). The increase in habitat size
decreases miracidial density, and therefore the human-to-snail FOI, snail density, cercarial
density and subsequently the snail-to-human FOI. The maximum snail population size only
marginally increases the median proportion of infected humans after a snail population size
sufficient for sustaining transmission has been reached. The impact of the snail-to-human
transmission rate does saturate as human infection prevalence nears 100%; however, at more
moderate levels of human infection prevalence (40–80%) there are disparities between model
types. In particular, as with cercarial density, unstratified models predicted higher values than
age-stratified model types (Fig. 3).

Snail infection
Estimates of the proportion of snails infected do not vary considerably between models with
snail age stratification (Fig. 4a; Additional file 1: Figure S7). Kruskal-Wallis tests indicated
that there were not significant differences in the median snail infection prevalence between
the model without stratification and all age-stratified models.
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Fig. 4

Estimates of a snail infection prevalence, and b cercarial density for each model subset with
constructed possible parameter sets from LHS. a All models display comparable median
snail infection prevalence. b The models with juvenile and adult snail age stratification
display a lower median and a narrower range of probable cercarial densities than the models
with only adult snails. For abbreviations, see Figs. 1 and 2

The overall cercarial population size, and cercarial density, which is an integral component
of the FOI experienced by the human population, varied between the age-stratified and
unstratified models (Fig. 4b). The Kruskal-Wallis tests indicate that the median cercarial
densities for the unstratified model and the small and large (S+L) model are significantly
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different from those of the more age-stratified models. The greater cercarial density for the
unstratified model, comprised entirely of large adult snails, and for the S+L model is partially
due to the greater cercarial output of small and large adult snails and the compounding effect
that this has on the levels of human infection and snail infection levels. However, as in the
case of snail infection prevalence, the difference between the completely stratified model and
the other models with juvenile and adult age classes is negligible. Specific p-values for the
Kruskal-Wallis tests for cercarial density, snail infection prevalence, human infection
prevalence, mean worm burden and R0 are presented in Additional file 1: Tables S3–S6.

Human infection
Similar to predicted cercarial densities, the models without snail age stratification resulted in
altered human infection prevalence estimates over a wide range of possible parameter sets,
habitat sizes and snail-to-human transmission rate values (Figs. 3, 5a). A model that does not
explicitly include the snail population, which assumes a linear feedback between parasite egg
output and snail-to-human FOI, also results in human infection levels that differ substantially
from models with snail age stratification (Fig. 5a). In the models with a snail population, the
snail-to-human FOI is the product of the snail-to-human transmission rate, the rate of
infection given exposure, and the density of cercariae in the water, which is assumed to be
directly related to exposure risk. Kruskal-Wallis tests indicate that the distribution of the
human infection prevalence differed between: models with age stratification including subadult classes and the models without sub-adult snail classes (unstratified and S+L), the model
without snails and all models including snails. The completely stratified model was different
from only the unstratified and model without snails. Within the age-stratified models which
include neonatal or juvenile stages none are significantly different from each other.
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Fig. 5a, b

Estimates of median human infection prevalence and mean worm burden for each model
subset with constructed possible parameter sets from LHS. The models without any snails or
with only adult snails display an expanded range and higher estimates of probable human
infection prevalence and mean worm burden than models with any snail age stratification
over these ranges. For abbreviations, see Figs. 1 and 2.
Mean worm burden mirrors the human infection prevalence trends and Kruskal-Wallis test
results because the differences in mean worm burden between the various age-stratified
models were minimal (Fig. 5b). We found that mean worm burden as calculated in the
method of the Anderson and May model [39] followed the same trends but showed greater
differences between the age-stratified models (Additional file 1: Figures S18, S19). It is
important to note that the differences in cercarial density, human infection and mean worm
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burden are quite small between models with snails, and that the overall trends show that any
stratification of the snail population that includes juvenile and adult stages appears to be
sufficient to capture the variation between unstratified and stratified models.

Relationship between human and snail infection prevalence
The relationship between human infection prevalence and snail infection prevalence over a
range of snail-to-human transmission rate values, and maximum snail population sizes is
shown in Fig. 6a. There exists a consistent positive correlation between increasing human
infection prevalence and snail infection prevalence. This relationship is consistent with the
low levels of snail infection and corresponding high levels of human infection found in field
studies in endemic areas [57,58,59,60,61,62,63,64,65]. Over a large range of habitat sizes,
increasing snail infection is associated with increasing human prevalence (Fig. 6a). However,
low snail infection can be associated with the majority of the range of possible human
infection prevalence. There is also minimal disparity between age-stratified and unstratified
models over a range of maximum snail population sizes.
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Fig. 6

a The relationship between snail infection prevalence and human infection prevalence over a
large range of snail-to-human transmission rate values, snail populations and habitat sizes.
All other parameters are obtained from LHS. The model without snail age stratification
estimates higher snail infection prevalence necessary to reach low (0–10%), medium (10–
50%) and high (50+%) levels of human infection over a range of FOI and snail
densities. b The relationship between the total miracidia and cercariae populations over a
large range of snail-to-human transmission rate values and snail densities demonstrates a
consistent positive relationship between miracidial and cercarial density. For abbreviations,
see Fig. 2
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Relationship between cercariae and miracidia
The relationship between miracidial and cercarial density is not consistent over snail-tohuman transmission rate values, maximum snail population sizes and habitat volumes. Over a
large range of snail-to-human transmission rates, cercarial density saturates with increasing
miracidial density, and unstratified models saturate at a higher cercarial density. Equivalent
miracidial densities result in higher cercarial density in unstratified models than in agestratified models. Cercarial density also increases with miracidial density over a range of
habitat sizes and unstratified models have higher cercarial densities than stratified models
with similar miracidial density values. Over a large range of snail population sizes miracidial
density and cercarial density are positively correlated. While there is a difference between the
unstratified models and those incorporating snail age, there is a smaller disparity between
models including various levels of snail age structure. Overall, the consistency of human
infection prevalence, snail infection prevalence, mean worm burden, and of R0, between all
models with snail age stratification indicates that any stratification that includes both adult
and sub-adult groups is sufficient to capture the non-linear dynamics that occur with the
inclusion of snails and snail age stratification.

Discussion

While schistosomiasis-transmission models without explicit snail populations are common in
the literature, they may not accurately reflect the range of human infection prevalence or the
relationship between snail and human infection prevalence seen in endemic areas
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[57,58,59,60,61, 63,64,65,66]. Accurate estimates of probable changes in snail and human
prevalence after reductions in one or both populations are essential to predicting the impact
of schistosomiasis control. The changes in predicted FOI and infection prevalence with the
inclusion of a snail population indicate that outcomes of major control interest will differ in
models which include more detailed snail dynamics. Due to the differences in the feedback
between human egg output, FOI, and estimated R0values, the inclusion of snail age structure
in models could alter the projected impact of proposed control measures.

Sensitivity analyses
The sensitivity analyses indicate that snail density is a major driver of the outcomes of
interest, though the snail-to-human transmission rate is influential in determining the level of
human infection. The importance of the snail-to-human transmission rate in this portion of
the transmission cycle is due to the fact that the FOI experienced by the human population in
this model is a product of cercarial density, which is highly correlated with snail density, and
the snail-to-human transmission rate. The effect of the snail-to-human transmission rate may
be diluted by the processes occurring between human exposure and snail exposure; the level
of human infection and the probability of eggs reaching water sources and successfully
hatching.

Impact of snail age structure
The exclusion of the snail population from the model structure assumes that there is a linear
relationship between human egg excretion and the FOI to humans. The differential shedding
rates among snails of different ages, and the physiological repercussions of S.
mansoni infection are predicted to affect the feedback between snail and human infection
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levels. The results in Figs. 3, 4, 5 support the prediction that the inclusion of snail dynamics
in the model influences these outcomes of interest. All of these patterns are consistent for the
suite of model simulations run with potential parameter sets produced with LHS.

In our model framework there are two ways to change snail density: alteration of habitat size
or maximum snail population size. Changing the habitat size has a direct effect on not only
cercarial density but miracidial density as well. Alteration of the maximum snail population
size has direct impacts on cercarial density (Fig. 2) but indirect effects on miracidial density.
The relationship between cercarial output and miracidial output in this system appears to be
linear, with different snail age structure assumptions altering the slope of the linear
dependence. However, this linear relationship only holds for lower snail-to-human
transmission rates. Over a range of snail-to-human transmission rates, cercariae and
miracidia display a saturating relationship as the increased mortality and reduced fecundity
associated with S. mansoni limits the proportion of snails infected in the population. The
greater proportion of large snails in unstratified and S+L model types in comparison to a
fully stratified model and their capacity for greater cercarial production is evident in the
spread of the median cercarial densities in Fig. 6b. As this cercarial density is directly related
to the FOI to humans in these models, human egg output may be robust to fluctuations in the
FOI but not changes in habitat size, which may fluctuate seasonally. This is due to the
disparity in infection levels between snails and humans; only a small percentage of snails
need to be infected and shedding for high levels of human infection to occur. More precise
model outcomes could be obtained with additional information on parameter ranges. For
instance, the probability of Schistosoma eggs reaching water and hatching could be refined
with improved estimates on egg viability and hatching rates in the field.
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Implications for control programs
The model output was most sensitive to snail density; however, only relative density of
intermediate host species is routinely collected [5]. In order to gain a more precise
understanding of this system, it would be prudent to collect information on the absolute
density of the intermediate host species. In Echinococcus transmission, another intermediate
host and parasite system, it is hypothesized that the impacts on definitive host infection level
of the intermediate host population age profile could obscure the effects of seasonality on the
system as this may be the primary mechanism through which seasonal fluctuations manifest
[25]. As snail population size and habitat size may change seasonally it is crucial to
understand how the relationship between snail and human prevalence and resulting cercarial
and miracidial populations may be altered as these fluctuate. There is evidence
that Biomphalaria population size varies seasonally, and it is possible that the population age
structure shifts seasonally as well [67,68,69]. Seasonal fluctuations could alter the impact of
control measures. Snail density is a crucial measure for the estimation of the FOI for S.
mansoni transmission models that include snails. However, the underlying forces driving
changes in snail density, habitat size and snail population size may result in differing impacts
on the transmission cycle.

Further work is needed to quantify the effects of reduction in prevalence in either snail or
human infection, as would occur after chemoprophylaxis or molluscicide events, on infection
in the other host. It is clear from Fig. 6 that inclusion of snail age structure results in a
different relationship between snail and human infection levels than in models without age.
However, only minimal age structure needs to be included to capture these differences. With
varying snail-to-human transmission rate values, which are often estimated from data, there
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are disparate estimates of the proportion of snails needed to sustain levels of human infection
and vice versa. This may be problematic if those values are used to estimate the impact that a
decrease in prevalence for either species would have on the other. For instance, a reduction in
snail prevalence from 10 to 5% in a model without snail age stratification would assume a
decrease in equilibrium human infection from 75 to 25%, whereas in a model with a fully
age-stratified snail population the change would be from 45 to 15%; the same levels of snail
infection are assumed to be able to support completely different human infection regimes.
Overall, in order to accurately estimate the FOI to humans and the impact of various control
strategies, snail demographics should be considered in future modeling efforts.

References

1.World Health Orgnization. Schistosomiasis and soil-transmitted helminthiases: number of
people treated in 2016. Wkly Epidemiol Rec. 2017;92:749–60.
2.Gryseels B, Polman K, Clerinx J, Kestens L. Human schistosomiasis. Lancet.
2006;368:1106–18.
3.Woolhouse MEJ. On the application of mathematical models of schistosome transmission
dynamics. I. Natural transmission. Acta Trop. 1991;49:241–70.
4.Woolhouse ME. The epidemiology of schistosome infections of snails: taking the theory
into the field. Parasitol Today. 1990;6:65–70.
5.Theron A, Rognon A, Pages J-R. Host choice by larval parasites: a study of Biomphalaria
glabrata snails and Schistosoma mansoni miracidia related to host size. Parasitol Res.
1998;84:727–32.

30

6.Feng Z, Li CC, Milner FA. Schistosomiasis models with density dependence and age of
infection in snail dynamics. Math Biosci. 2002;177–178:271–86.
7.Allen EJ, Victory HD. Modelling and simulation of a schistosomiasis infection with
biological control. Acta Trop. 2003;87:251–67.
8. Gurarie D, King CH. Heterogeneous model of schistosomiasis transmission and longtermcontrol: the combined influence of spatial variation and age-dependent factors on
optimal allocation of drug therapy. Parasitology. 2005;130:49–65.
9. Zhao R, Milner FA. A mathematical model of Schistosoma mansoni in Biomphalaria
glabrata with control strategies. Bull Math Biol. 2008;70:1886–905.
10.Chiyaka ET, Garira W. Mathematical analysis of the transmission dynamics of
schistosomiasis in the human-snail hosts. J Biol Syst. 2009;17:397–423.
11.Diekmann O, Heesterbeek JAP, Metz JA. On the definition and the computation of the
basic reproduction ratio R0 in models for infectious diseases in heterogeneous populations. J
Math Biol. 1990;28:365–82.
12.Brooks-Pollock E, Cohen T, Murray M. The impact of realistic age structure in simple
models of tuberculosis transmission. PLoS ONE. 2010;5:e8479.
13.Novoseltsev VN, Michalski AI, Novoseltseva JA, Yashin AI, Carey JR, Ellis AM. An
age-structured extension to the vectorial capacity model. PLoS ONE. 2012;7:e39479.
14.Bolker B, Grenfell B. Chaos and biological complexity in measles dynamics. Proc R Soc
B Biol Sci. 1993;251:75–81.
15.Clamer V, Dorigatti I, Fumanelli L, Rizzo C, Pugliese A. Estimating transmission
probability in schools for the 2009 H1N1 influenza pandemic in Italy. Theor Biol Med
Model. 2016;13:19.

31

16. Metcalf CJ, Lessler J, Klepac P, Cutts F, Grenfell BT. Impact of birth rate, seasonality
and transmission rate on minimum levels of coverage needed for rubella vaccination.
Epidemiol Infect. 2012;140:2290–301.
17.Edmunds WJ, Kafatos G, Wallinga J, Mossong JR. Mixing patterns and the spread of
close-contact infectious diseases. Emerg Themes Epidemiol. 2006;3:10.
18.Diekmann O, Heesterbeek JAP, Roberts MG. The construction of next-generation
matrices for compartmental epidemic models. J R Soc Interface. 2010;7:873–85.
19.Vogt-Geisse K, Lorenzo C, Feng Z. Impact of age-dependent relapse and immunity on
malaria dynamics. J Biol Syst. 2014;21:1–50.
20. Pitzer VE, Lipsitch M. Exploring the relationship between incidence and the average age
of infection during seasonal epidemics. J Theor Biol. 2009;260:175–85.
21. Apolloni A, Poletto C, Colizza V. Age-specific contacts and travel patterns in the spatial
spread of 2009 H1N1 influenza pandemic. BMC Infect Dis. 2013;13:176.
22. Gambhir M, Basáñez MG, Burton MJ, Solomon AW, Bailey RL, Holland MJ, et al. The
development of an age-structured model for trachoma transmission dynamics, pathogenesis
and control. PLoS Negl Trop Dis. 2009;3:e462.
23. Kwok KO, Davoudi B, Riley S, Pourbohloul B. Early real-time estimation of the basic
reproduction number of emerging or reemerging infectious diseases in a community with
heterogeneous contact pattern: using data from Hong Kong 2009 H1N1 Pandemic Influenza
as an illustrative example. PLoS ONE. 2015;10:e0137959.
24. Thornhill JA. Increased oviposition and growth in immature Biomphalaria glabrataafter
exposure to Schistosoma mansoni. Parasitology. 1986;93:443–50.

32

25. Atkinson JAM, Williams GM, Yakob L, Clements ACA, Barnes TS, McManus DP, et al.
Synthesising 30 years of mathematical modelling of Echinococcus transmission. PLoS Negl
Trop Dis. 2013;7:e2386.
26. Costa MDL, Rocha RS, Filho PC, Katz N. A 13-year follow-up of treatment and snail
control in an area endemic for Schistosoma mansoni in Brazil: incidence of infection and
reinfection. Bull World Health Organ. 1993;71:197–205.
27. Anderson RM, Crombie J. Experimental studies of age-prevalence curves for
Schistosoma mansoni infections in populations of Biomphalaria glabrata. Parasitology.
1984;89:79–104.
28. Toledo R, Fried B. Biomphalaria snails and larval trematodes. New York: Springer;
2011.
29. Niemann GM, Lewis FA. Schistosoma mansoni: influence of Biomphalaria glabratasize
on susceptibility to infection and resultant cercarial production. Exp Parasitol. 1990;70:286–
92.
30. Gerard C, Theron A. Age/size and time specific effects of Schistosoma mansoni on
energy allocation patterns of its snail host Biomphalaria glabrata. Oecologia. 1997;112:447–
52.
31. Theron A, Mone H, Gerard C. Spatial and energy compromise between host and parasite:
the Biomphalaria glabrata-Schistosoma mansoni system. Int J Parasitol. 1992;22:91–4.
32. Chan M-S, Montresor A, Savioli L, Bundy DAP. Planning chemotherapy based
schistosomiasis control: validation of a mathematical model using data on Schistosoma
haematobium from Pemba. Tanzania Epidemiol Infect. 1999;123:487–97.

33

33. Barbour AD. Modeling the transmission of schistosomiasis: an introductory view. Am J
Trop Med Hyg. 1996;55:135–43.
34. Yang HM, Bezerra Coutinho FA. Acquired immunity of a schistosomiasis transmission
model—analysis of the stabilizing effects. J Theor Biol. 1999;196:473–82.
35. Mushayabasa S, Bhunu CP. Modeling schistosomiasis and HIV/AIDS codynamics.
Comput Math Methods Med. 2011. https://doi.org/10.1155/2011/846174.
36. Brooker S, Whawell S, Kabatereine NB, Fenwick A, Anderson RM. Evaluating the
epidemiological impact of national control programmes for helminths. Trends Parasitol.
2004;20:537–45.
37. French MD, Churcher TS, Gambhir M, Fenwick A, Webster JP. Observed reductions in
Schistosoma mansoni transmission from large-scale administration of praziquantel in
Uganda: a mathematical modelling study. PLoS Negl Trop Dis. 2010;4:e897.
38. Gurarie D, King CH. Population biology of Schistosoma mating, aggregation, and
transmission breakpoints: more reliable model analysis for the end-game in communities at
risk. PLoS ONE. 2014;9:e115875.
39. Anderson R, May RM. Infectious diseases of humans: dynamics and control. Oxford:
Oxford University Press; 1991.
40. Bourke CD, Maizels RM, Mutapi F. Acquired immune heterogeneity and its sources in
human helminth infection. Parasitology. 2011;138:139–59.
41. Colley DG, Secor WE. Immunology of human schistosomiasis. Parasite Immunol.
2014;36:347–57.

34

42. Tchuenté LT, Momo SC, Stothard JR, Rollinson D. Efficacy of praziquantel and
reinfection patterns in single and mixed infection foci for intestinal and urogenital
schistosomiasis in Cameroon. Acta Trop. 2013;128:275–83.
43. Gerard C, Mone H, Theron A. Schistosoma mansoni–Biomphalaria glabrata: dynamics of
the sporocyst population in relation to the miracidial dose and the host size. Can J Zool.
1993;9:1880–5.
44. Cooper LA, Ramani SK, Martin AE, Richards CS, Fred A, Cooper LA, et al.
Schistosoma mansoni infections in neonatal Biomphalaria glabrata snails. J Parasitol.
1992;78:441–6.
45. Theron A. Dynamics of larval populations of Schistosoma mansoni in Biomphalaria
glabrata. II. Chronobiology of the intramolluscal larval development during the shedding
period. Ann Trop Med Parasitol. 1981;75:547–54.
46. Faro JM, Perazzini M, dos Reis CL, Mello-Silva CC, Pinheiro J, Mota EM, et al.
Biological, biochemical and histopathological features related to parasitic castration of
Biomphalaria glabrata infected by Schistosoma mansoni. Exp Parasitol. 2013;134:228–34.
47. Schneck JL, Fried B. Growth of Biomphalaria glabrata (NMRI strain) and Helisoma
trivolvis (Colorado strain) under laboratory conditions. Am Malacol Bull. 2005;20:71–3.
48. World Bank. World DataBank—World Development Indicators—Kenya.
49. Crews AE, Yoshino TP. Schistosoma mansoni: effect of infection on reproduction and
gonadal growth in Biomphalaria glabrata. Exp Parasitol. 1989;68:326–34.
50. Costa MJFS, Grault CE, Confalonieri UEC. Comparative study of the fecundity and
fertility of Biomphalaria glabrata (Say, 1818) and Biomphalaria straminea(Dunker, 1848) in

35

a laboratory through self-fertilization and cross-fertilization. Rev Inst Med Trop Sao Paulo.
2004;46:157–63.
51. Feng Z, Eppert A, Milner FA, Minchella DJ. Estimation of parameters governing the
transmission dynamics of schistosomes. Appl Math Lett. 2004;17:1105–12.
52. Theron A, Rognon A, Gourbal B, Mitta G. Multi-parasite host susceptibility and multihost parasite infectivity: a new approach of the Biomphalaria glabrata/Schistosoma mansoni
compatibility polymorphism. Infect Genet Evol. 2014;26:80–8.
53. Cheever AW. A quantitative post-mortem study of Schistosomiasis mansoni in man. Am
J Trop Med Hyg. 1968;17:38–64.
54. Cheever AW, Macedonia JG, Mosimann JE, Cheever EA. Kinetics of egg production and
egg excretion by Schistosoma mansoni and S. japonicum in mice infected with a single pair
of worms. Am J Trop Med Hyg. 1994;50:281–95.
55. Cummings JH, Bingham SA, Eastwood MA, Heaton KW. Fecal weight, colon cancer
risk, and dietary intake of nonstarch polysaccharides (dietary fiber). Gastroenterology.
1992;103:1783–9.
56. Hartemink NA, Randolph SE, Davis SA, Heesterbeek JAP. The basic reproduction
number for complex disease systems: definingR0 for tick-borne infections. Am Nat.
2008;171:743–54.
57. Opisa S, Odiere MR, Jura WGZO, Karanja DMS, Mwinzi PNM. Malacological survey
and geographical distribution of vector snails for schistosomiasis within informal settlements
of Kisumu City, western Kenya. Parasites Vectors. 2011;4:226.

36

58. Poole H, Terlouw DJ, Naunje A, Mzembe K, Stanton M, Betson M, et al.
Schistosomiasis in pre-school-age children and their mothers in Chikhwawa district, Malawi
with notes on characterization of schistosomes and snails. Parasites Vectors. 2014;7:153.
59. Standley CJ, Vounatsou P, Gosoniu L. The distribution of Biomphalaria(Gastropoda:
Planorbidae) in Lake Victoria with ecological and spatial predictions using Bayesian
modelling. Hydrobiologia. 2012;683:249–64.
60. Mutuku FM, King CH, Bustinduy AL, Mungai PL, Muchiri EM, Kitron U. Impact of
drought on the spatial pattern of transmission of Schistosoma haematobium in Coastal
Kenya. Am J Trop Med Hyg. 2011;85:1065–70.
61. Gashaw F, Aemero M, Legesse M, Petros B, Teklehaimanot T, Medhin G, et al.
Prevalence of intestinal helminth infection among school children in Maksegnit and Enfranz
towns, northwestern Ethiopia, with emphasis on Schistosoma mansoniinfection. Parasites
Vectors. 2015;8:567.
62. Standley CJ, Adriko M, Arinaitwe M, Atuhaire A, Kazibwe F, Fenwick A, et al.
Epidemiology and control of intestinal schistosomiasis on the Sesse Islands, Uganda:
integrating malacology and parasitology to tailor local treatment recommendations. Parasites
Vectors. 2010;3:64.
63. Landouré A, Dembélé R, Goita S, Kané M, Tuinsma M, Sacko M, et al. Significantly
reduced intensity of infection but persistent prevalence of schistosomiasis in a highly
endemic region in Mali after repeated treatment. PLoS Negl Trop Dis. 2012;6:e1774.
64. Stanton MC, Adriko M, Arinaitwe M, Howell A, Davies J, Allison G, et al. Intestinal
schistosomiasis in Uganda at high altitude (> 1400 m): malacological and epidemiological

37

surveys on Mount Elgon and in Fort Portal crater lakes reveal extra preventive chemotherapy
needs. Infect Dis Poverty. 2017;6:34.
65. Alemayehu B, Tomass Z, Wadilo F, Leja D, Liang S, Erko B. Epidemiology of intestinal
helminthiasis among school children with emphasis on Schistosoma mansoni infection in
Wolaita. BMC Public Health. 2017;17:587.
66. Standley CJ, Adriko M, Arinaitwe M, Atuhaire A, Kazibwe F, Fenwick A, et al.
Epidemiology and control of intestinal schistosomiasis on the Sesse Islands, Uganda:
integrating malacology and parasitology to tailor local treatment recommendations. Parasites
Vectors. 2010;3:64.
67. Scott JT, Vereecken K, Fall A, Diop M, Ly A, De CD, et al. Human water contacts
patterns in Schistosoma mansoni epidemic foci in northern Senegal change according to age,
sex and place of residence, but are not related to intensity of infection. Trop Med Int Heal.
2003;8:100–8.
68. Coulibaly G, Madsen H. Seasonal density fluctuations of intermediate hosts of
schistosomes in two streams in Bamako Mali. J Afr Zool. 1990;104:201–12.
69. Perez-saez J, Mande T, Ceperley N, Bertuzzo E, Mari L, Gatto M. Hydrology and density
feedbacks control the ecology of intermediate hosts of schistosomiasis across habitats in
seasonal climates. Proc Natl Acad Sci. 2016;113:6427–32.

38

Chapter 2: Antagonism between parasites within snail hosts impacts the transmission of
human schistosomiasis

Laidemitt MR, Anderson LC, Wearing HJ, Mutuku MW, Mkoji GM, Loker ES.
Antagonism between parasites within snail hosts impacts the transmission of human
schistosomiasis. Elife. 2019;8: e50095. doi:10.7554/eLife.50095

Abstract
Human disease agents exist within complex environments that have underappreciated effects
on transmission, especially for parasites with multi-host life cycles. We examined the impact
of multiple host and parasite species on transmission of the human parasite Schistosoma
mansoni in Kenya. We show S. mansoni is impacted by cattle and wild vertebrates because
of their role in supporting trematode parasites, the larvae of which have antagonistic
interactions with S. mansoni in their shared Biomphalaria vector snails. We discovered the
abundant cattle trematode, Calicophoron sukari, fails to develop in Biomphalaria
pfeifferi unless S. mansoni larvae are present in the same snail. Further development of S.
mansoni is subsequently prevented by C. sukari’s presence. Modeling indicated that removal
of C. sukari would increase S. mansoni-infected snails by two-fold. Predictable exploitation
of aquatic habitats by humans and their cattle enable C. sukari to exploit S. mansoni, thereby
limiting transmission of this human pathogen.
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Introduction

Infectious diseases exist in complex ecological settings and for some disease agents,
successful transmission may require sequential colonization of multiple obligatory hosts.
This is particularly important for digenetic trematodes because obligatory hosts must overlap
in space and time and in sufficient numbers for transmission to be successful (Dobson,
2004; Begon, 2008; LoGiudice et al., 2008). In addition, the environment may harbor a
diversity of host species, some of which might serve as alternative competent hosts thus
potentially favoring parasite persistence, or conversely, such species may act as nonproductive sinks for the parasite thereby diminishing its transmission. As shown by an
increasing number of studies, the net effect of biotically complex environments on
transmission success for a particular parasite may be hard to predict, particularly for parasites
that use multiple hosts to complete their life cycles (Lafferty et al., 1994; Suzán et al.,
2009; Lafferty, 2012; Johnson et al., 2013; Salkeld et al., 2013; Rohr et al., 2015; Frainer et
al., 2018). Furthermore, the impact may be highly contextual, depending on the density of
host species, leading to dilution or amplification of transmission (Luis et al., 2018).
Another factor influencing the success of a particular parasite is the diversity of other
infectious agents present that colonize the same host species, thereby setting up the potential
for within-host interactions. Such interactions can range from mutual dependence or
facilitation to overt competition and even predation of one parasite by another (Lim and
Heyneman, 1972; Combes, 1982; Lafferty et al., 1994; Hechinger et al., 2011). The purpose
of this study is to combine field observations, experimental infections and use of a
mathematical model parameterized by our empirical data to understand how transmission of
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the widespread human-infecting trematode Schistosoma mansoni is influenced by other
trematode species present in the aquatic habitats in and around Lake Victoria. We are
particularly interested in those trematode species that share with S. mansoni a dependence
on Biomphalaria snails for their larval development. These additional Biomphalariadependent trematodes also infect a variety of wild or domestic host species to complete their
respective life cycles. Therefore, strong interactions occurring among trematode species in
the snail host could have cascading effects on the level of parasitism occurring in many host
species, including humans and domestic animals.
S. mansoni is the most geographically widespread causative agent of intestinal
schistosomiasis, and the Lake Victoria Basin is one of the largest hyperendemic areas of
schistosomiasis in the world (Gouvras et al., 2017; Wiegand et al., 2017). Despite repeated
treatments with the anthelmintic praziquantel, children living in villages near the lakeshore
often exhibit prevalence of S. mansoni infection of >50%, and up to 90% in some areas
(Woodhall et al., 2013).
A textbook-like portrayal of the S. mansoni life cycle highlighting the role of humans and a
generic ‘Biomphalaria’ in transmission belies a more complex reality in the Lake Victoria
Basin in that multiple options exist for transmission. With respect to mammalian definitive
hosts, humans are certainly the most important in maintaining transmission (Colley et al.,
2014), but baboons and common rodents like Mastomys natalensis can also play a role and
may assume greater significance in ongoing chemotherapy-based control programs targeting
human transmission (Hanelt et al., 2010; Catalano et al., 2018). Likewise, S. mansoni in and
around the lake also infects three Biomphalaria taxa that exist in different
habitats. Schistosoma mansoni eggs are passed into aquatic habitats in human feces. A
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miracidium hatches from an egg and if successful in finding and penetrating
a Biomphalaria snail, then initiates a long-term, proliferative period of asexual development.
This development culminates in the production of human-infective cercariae which are
released or ‘shed’ into the surrounding water. These obligatory vector hosts include B.
pfeifferi in streams and small impoundments, B. sudanica along the lakeshore, and B.
choanomphala, now generally considered to be a distinct ecophenotype of B. sudanica,
found especially but not exclusively in deeper water (Magendantz, 1972; Standley et al.,
2011; Zhang et al., 2018). All three species have been found naturally infected with S.
mansoni, (Magendantz, 1972; Standley et al., 2011; Mutuku et al., 2017; Mutuku et al.,
2019).
In addition to exploiting multiple definitive and intermediate host species, S. mansoni is, like
many infectious agents, influenced in a myriad of ways by the diverse species with which it
co-occurs. For instance, several other non-host species of freshwater snails co-occur
with Biomphalaria and may act as sinks for S. mansoni as its miracidia will not develop in
these snail species. Likewise, there are other species of digenetic trematode species in Kenya
with an obligatory dependence on Biomphalaria snails for their larval development and their
larval stages may strongly interact with S. mansoni larvae for access to the resources offered
by these snail hosts. It is well-known from other studies that complex interactions usually
dominated by antagonism via predation (and by indirect antagonism) can occur amongst the
larvae of trematode species sharing a particular individual snail, and these interactions often
have predictable outcomes that can influence patterns of abundance among trematode species
in particular communities (Fernandez and Esch, 1991; Lafferty et al., 1994; Soldánová et al.,
2012; Mordecai et al., 2016).
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Relevant to considerations of intra-snail interactions is that not all larval trematodes have the
same pattern of development within their host snail. Some like S. mansoni develop sac-like
sporocysts, whereas others produce rediae possessing a mouth surrounded by a powerful
sucker, and a gut (Schell, 1985). Rediae can move within the snail and may ingest host tissue,
including gonadal tissue (Lim and Lie, 1969). For example, the rediae of echinostomes
(Echinostomatoidea) in particular tend to be dominant in intramolluscan interactions, with
some echinostome species able to produce small, motile rediae specialized for attacking and
killing larvae of other trematodes species, including S. mansoni sporocysts (Lim and
Heyneman, 1972; Moravec et al., 1974; Hechinger et al., 2011). Amphistome trematodes
(Paramphistomoidea) also produce rediae, and these tend to have more complex antagonistic
or facilitation interactions with other trematodes (Southgate et al., 1989; Spatz et al., 2012).
Sporocyst-producing species including strigeids and schistosomes have also been shown to
have more subtle indirect antagonistic effects on larvae of other trematodes mediated by as
yet uncharacterized soluble factors (Basch et al., 1969). Given the complex nature of the
guilds of trematodes, we found to be associated with Biomphalaria snails in Kenya, we
hypothesized that some of these non-schistosome trematode species could negatively impact
the development and transmission of S. mansoni in Biomphalaria.
To better understand these interactions, we initiated a survey at two stream sites and one lake
site in western Kenya to define the trematode diversity from Biomphalaria. Morphological
features and molecular markers were used to aid explicit definition of trematode species
diversity. We also used sequential observations and experimental infections to reveal the
dominance hierarchy among the trematodes that use B. pfeifferi, the most widely
distributed S. mansoni vector in Africa. The same approaches also enabled us to observe
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striking antagonistic interactions perpetrated on S. mansoni by the most common trematode
recovered from our habitats, the cattle-transmitted amphistome Calicophoron sukari. We
then integrated our field survey results and experimental studies into a mathematical model
to quantify the influence of C. sukari on S. mansoni transmission. These studies collectively
highlight the importance of animal husbandry practices and of a diverse community of wild
animals and the trematodes they support, particularly those dependent on Biomphalaria, on
downstream transmission of S. mansoni infection to people in west Kenya.

Results
Field surveys
Upon screening Biomphalaria from both stream and lake habitats, several trematode species
were found, verified as distinct taxa using morphological features and molecular markers
(Figure 1a). A total of 19 species were found among 19,914 B. pfeifferi (overall prevalence
12.3%) from the perennial Asao Stream, 7 species from 1,136 B. pfeifferi (15.5%) from the
highly seasonal Kasabong stream, and from Lake Victoria, 21 species of cercariae from
3,369 B. sudanica(10.3%), (Figure 1b). Some species, like S. mansoni, were recovered from
all habitats, but many were habitat specific, such that in aggregate, 29 taxa were recovered.
The life cycles of most of these trematodes have yet to be clarified, but by inferring probable
life cycles from relatives with known life cycles (Yamaguti, 1958; Schell, 1985), a broad
variety of invertebrate and wild and domestic vertebrate species are involved as hosts in
supporting these life cycles (Figure 1c). A portion of the field-collected Biomphalaria were
also exposed to S. mansoni to assess compatibility and we found that all three taxa
of Biomphalaria were susceptible to S. mansoni, but found that B. pfeifferi was the most
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compatible (Figure 1d). At Asao and Kasabong, the most common trematode recovered
from B. pfeifferi was the cattle-transmitted amphistome Calicophoron sukari (Laidemitt et
al., 2017) (1,035/2439 total infections, or 42.4% of all infections at Asao, and at Kasabong
97/176, or 55.1% of all infections) followed closely by S. mansoni (1014 of 2439 total
infections at Asao or 41.6% of all infections and at Kasabong, 68/176 or 38.6% of all
infections) (Figure 1e). Both species were also commonly recovered from B. pfeifferi, but C.
sukari was not recovered from B. sudanica or B. choanomphala. Also noteworthy is the
overall prevalence of S. mansoni infections at stream sites (5.09% and 5.89%) was much
higher than from the lakeshore (0.22%).
Figure 1

Trematode biodiversity in the S. mansoni hyperendemic area of western Kenya.
(A) The different types of trematode cercariae recovered either uniquely from B.
pfeifferi from streams or from B. sudanica from the lakeshore, or that were recovered from
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both snail species (in red), confirmed with mitochondrial barcodes. (B) Kasabong (ephemeral
stream) and Asao (perennial stream), the overall prevalence of larval trematode infections
in B. pfeifferi is shown along with pie charts showing the composition of the trematode
infections. Note the large proportions of infections comprised of C. sukari or S. mansoni. (C)
A sample of six trematode with inferred life cycles (in some cases directly documented) to
point out the variety of invertebrate and vertebrate hosts (and plants) involved in such cycles.
(D) Peak prevalence of S. mansoni (indicated on vertical axis as the percent shedding
cercariae) from three different Biomphalaria taxa to experimental infection with S. mansoni
miracidia (five miracidia/snail) derived from local school children. (E) The prevalence of C.
sukari, S. mansoni, and other trematodes from bimonthly surveys of Kasabong and Asao.
Note C. sukari is the most abundant trematode in both locations. The turtle, carp and frog
images in panel C were reproduced from Pixabay (https://pixabay.com/photos/turtle-animalwildlife-wild-nature-1517920/, https://pixabay.com/vectors/animal-carp-fish-freshwaterlake-2029698/, and https://pixabay.com/photos/tree-frog-anuran-frog-amphibians299886/ respectively), under the terms of the Pixabay license
(https://pixabay.com/service/license/).
Dominance hierarchy
By observing natural takeover events (Biomphalaria shedding one type of cercariae and then
later shedding a different type of cercariae only) and through experimental infections, we
discovered that at Asao Stream S. mansoni occupies an intermediate position in the
hierarchy, and echinostomes and C. sukari were the more dominant species (Figure 2). In
general, amphistomes of domestic ruminants like C. sukari were more commonly recovered
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from B. pfeifferi from stream sites whereas echinostomes, mostly transmitted by birds
(Laidemitt et al., 2019), were more likely to be recovered from B. sudanica from the
lakeshore.
Figure 2

Trematode hierarchy in B. pfeifferi at Asao Stream.
The dominance hierarchy was worked out through both experimental superinfections of
snails with existing infections (green numbers), and by maintaining infected snails from the
field to see if they switched from shedding one type of cercaria to another (orange numbers).
Percentages shown are the prevalence of infected B. pfeifferi (shedding/total number of B.
pfeifferi collected) for each group.
We discovered that if B. pfeifferi from stream habitats that were not shedding cercariae of
any kind at the time of collection were then exposed to S. mansoni miracidia, surprisingly
they were almost as likely to subsequently shed C. sukari as S. mansoni cercariae (p<0.001)
(Figure 3a). Control snails, otherwise similar except not exposed to S. mansoni, were
subsequently much less likely to shed cercariae of either species.
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Figure 3

Human and cattle parasite interactions at Asao Stream.
(A) Field-derived B. pfeifferi shown not to be shedding any cercariae at the time of collection
were either left as unexposed controls or were exposed to S. mansoni (five miracidia/snail).
Note that, unexpectedly, exposed snails were just as likely to subsequently shed C.
sukari as S. mansoni cercariae compared to the control groups (p=<0.001). A few unexposed
snails also shed cercariae, indicating that some of the snails had prepatent snails at the time
of infection. (B) The prevalence of lab-reared B. pfeifferi exposed to various combinations of
miracidia (see horizontal axis) of C. sukari and/or S. mansoni that subsequently shed
cercariae of either species. Exposures to either species were with five miracidia/snail, 50 or
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60 snails were used for each of 5 treatments for three separate experiments (total of 850
snails used). Separate ANOVAs were done for S. mansoni and C. sukari (each involving
comparison of four groups), followed by pairwise comparisons. (C) Histological section
of B. pfeifferi exposed to C. sukari for 8 days. Note the undeveloped sporocyst and the layer
of hemocytes around it. (D) Histological section of B. pfeifferi exposed to S. mansoni for 8
days. The sporocyst has grown considerably and has developing daughter sporocysts within.
C. sukari and S. mansoni Experimental Exposures
Three additional experiments were undertaken with laboratory-bred F1 B. pfeifferi exposed
to S. mansoni (originating from primary school children), to C. sukari (from cow dung
samples collected from the banks of the streams), or to both species in various combinations
(Figure 3b) and see methods. In control experiments, peak S. mansoni shedding was 7 weeks
post exposure (86.7%, 92/106 surviving B. pfeifferi) and peak C. sukari shedding was at 8
weeks post exposure (0.68%, 1/114 surviving B. pfeifferi). In control experiments, S.
mansoni shedding prevalence was 75.9% (63/83 surviving snails) 10 weeks post exposure
and C. sukari shedding prevalence was 1.3% (1/79 of surviving snails). In the experiment
‘Sm first then two weeks later Cs,’ 24.2% (16/66) surviving B. pfeifferi shed S. mansoni and
21.2% (14/66) shed C. sukari cercariae. In the experiment ‘Cs then two weeks later Sm,’
35.1% (26/74) of surviving B. pfeifferi shed C. sukari and 2.7% (2/74) shed S.
mansoni cercariae. In the simultaneous experiment 9.2% (7/76) surviving B. pfeifferi shed S.
mansoni and 15.8% (12/76) shed C. sukari cercariae. The results demonstrated that S.
mansoni miracidia were capable of infecting B. pfeifferi on their own as expected (Mutuku et
al., 2014), but C. sukari miracidia were poorly infective to B. pfeifferi on their own. From
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these co-exposure experiments the prevalence of B. pfeifferi shedding S. mansoni was
significantly less than in the simultaneous (p=0.0478) and ‘Cs then two weeks later Sm’
experiments (p=0.0292) compared to S. mansoni controls. In comparison, C.
sukariprevalence was significantly higher (p=0.0192) in the ‘Cs then two weeks later Sm
group’.
Examination of histological sections of B. pfeifferi taken 8 days after exposure to only C.
sukari miracidia revealed the presence of sporocysts that had undergone little or no growth or
development and had host hemocytes around them (Figure 3c). By contrast, S.
mansoni sporocysts were much larger at the same age and germinal development was
underway (Figure 3d). The success of C. sukarisporocysts in B. pfeifferi increased
significantly (p=<0.0192) if S. mansoni miracidia were also allowed to infect the snails,
particularly so if the S. mansoni exposures followed the exposure of snails to C. sukari.
Importantly, this was accompanied by a sharp reduction in the number of snails shedding S.
mansoni cercariae as compared to the snails exposed just to S. mansoni (Figure 3b).
A further indication of the antagonistic interactions between the two trematode species was
provided by the observation that although infections of both S. mansoni and C. sukari were
common in B. pfeifferi in west Kenyan stream habitats, double infections (snails
simultaneously shedding cercariae of both species) were rare, and occurred less than
expected by chance (p=<0.001) (Figure 4a). Some field snails found to be naturally
shedding S. mansoni cercariae would, upon further observation in the lab, permanently
switch over to producing C. sukari cercariae instead. Similarly, exposure of field-collected
snails shedding C. sukari cercariae to S. mansoni miracidia rarely resulted in conversion of
the infections to production of S. mansoni cercariae. However, exposure of snails that were
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shedding S. mansoni cercariae to miracidia of C. sukari more often resulted in production
of C. sukari cercariae. Lastly, our survey data also showed that numbers of S. mansoni and C.
sukari infections were positively correlated (r = 0.622) (Figure 4b). This is not surprising,
since C. sukari relies on S. mansoni for its own transmission.
Figure 4

Field observations supported experimental results.
(A) Graph showing the number of single infections of B. pfeifferi with either S.
mansoni or C. sukari and the number of observed double infections, which was significantly
fewer than the number of double infections expected by chance (p=<0.001). (B) Correlation
between the abundance of S. mansoni and C. sukari infections (XY pairs = 25, Pearson
r = 0.622, p=0.0009) in B. pfeifferi from our stream survey data (prevalence of each parasite
from 25 collection time points).
Mathematical model
To estimate the potential impact of C. sukari on S. mansoni transmission, we developed a
mechanistic mathematical model that explicitly accounts for parasite-parasite interactions
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within B. pfeifferi and is parameterized using values obtained from our experimental and
field studies (supplementary data). In particular, our modeling framework tracks the
outcomes for each parasite in the case of both simultaneous and sequential infections of B.
pfeifferi with C. sukari and S. mansoni, based on survival rates from our empirical data.
Furthermore, the model includes two snail size classes to account for size-dependent
variation in snail survival and fecundity and cercariae output, which we have previously
shown is important for accurately assessing the risk of infection to humans (Anderson et al.,
submitted). By varying the input of either S. mansoni or C. sukari miracidia to the model, we
can examine how the relative abundance of S. mansoni to C. sukari larvae in the environment
impacts the production of new parasites within the snail portion of the transmission cycle.
The model predicts that the force of infection of S. mansoni, as measured by the proportion
of cercariae-producing (shedding) snails, is reduced by approximately half in the presence of
the antagonist C. sukari (Figure 5a). Only inputs of miracidia biased unrealistically heavily
towards S. mansoni over C. sukari permit the highest numbers of S. mansoni cercariae to be
produced (Figure 5b). We assume that the presence of C. sukari infections in B.
pfeifferi represent ‘lost’ S. mansoni infections. Therefore, our survey results (Figure 2c)
suggest that if C. sukari were absent then the prevalence of S. mansoni shedders in streams
would increase by 50% or more. Also, the model predictions highlight that, dependent on the
background levels of infection, there may be increases of several hundred percent of S.
mansoni cercariae in the absence of C. sukari.
Figure 5

52

Mathematical model combining field and experimental observations.
(A) At three different levels of S. mansoni prevalence in snails, the predicted reduction in
prevalence of shedding snails from our transmission model due to the presence of C. sukari is
estimated. In each case, the proportion of snails shedding S. mansoni is reduced by at least
one half in the presence of C. sukari. (B) Relationship from model showing how S.
mansoni cercariae production is maximized in this system only when the input of S.
mansoni miracidia is very high relative to the input of C. sukari miracidia.

Discussion

Schistosoma mansoni is common in sub-Saharan Africa, aided by multiple transmission
options, including humans, rodents and baboons as definitive hosts and by the widespread
presence of several species of Biomphalaria vector snails occupying diverse aquatic habitats.
Additionally, open human defecation and inadequate sanitation ensure widespread
contamination of freshwater habitats with S. mansoni eggs (Nagi et al., 2014). We discovered
at least 29 additional species of digenetic trematodes cycling through wild and domestic
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vertebrate definitive hosts that depend on Biomphalaria snails in western Kenya, creating
inevitable opportunities for interactions if the larvae of two or more species co-occur in the
same snail.
In the rural settings where S. mansoni thrives, people often stand side-by-side with domestic
ruminants to access water in streams or other water bodies, water that contains schistosomeinfected B. pfeifferi. Domestic ruminants also predictably pass huge quantities of helminth
eggs into the water, including those of C. sukari (we estimate ~10,000 eggs/cowpat). As C.
sukari also develops in B. pfeifferi, a common and recurrent situation arises in which these
two digenetic trematode species vie for access to their shared obligatory snail host.
We have shown that S. mansoni occupies an intermediate position in a trematode dominance
hierarchy in B. pfeifferi in west Kenya and can be routinely displaced if present in coinfections by echinostomes and amphistomes, although particular species may vary in their
predatory tendencies and the degree of their dominance (Hechinger et al., 2011; GarciaVedrenne et al., 2016). Surprisingly, even though much of the previous work focusing on
interspecific trematode antagonism has been undertaken in the context of exploiting it as a
potential control strategy for schistosomiasis (Combes, 1982; Moravec et al., 1974; Pointier
and Jourdane, 2000; Toledo and Fried, 2011) ours is the first study undertaken in which all
the species involved are extant in sub-Saharan Africa, where schistosomiasis assumes its
greatest public health significance.
With respect to this hierarchy, the dominant trematodes are not the species we most
commonly recovered from snails, for at least two reasons. One is that co-infections by no
means inevitably occur within snails so that a species with a subordinate position is not
always required to compete. This is of relevance for a species like S. mansoni occupying an

54

intermediate hierarchical position in that it is not inevitably confronted in snails by predatory
or inhibitory rediae of other species. Secondly, input of eggs from competitively dominant
species like echinostomes often originates from birds (Laidemitt et al., 2019) and is likely
dwarfed by the input of eggs from large definitive hosts like people, goats or cattle. This
helps explain how the prevalence achieved by S. mansoni or by C. sukari is much higher than
achieved by echinostomes despite the latter’s competitive dominance in snails.
From the point of view of S. mansoni, colonizing a snail harboring a preexisting trematode
infection, including even those snails infected with subordinate trematodes, is bound to
interfere with its transmission to some extent. Successful infection will either be preempted
by presence of a dominant species, or if take-over of a subordinate species occurs, the
process likely takes weeks. In the interim, production of S. mansoni cercariae will be delayed
or reduced, and the infected snail could well expire before the take-over is complete.
Of the many trematodes coexisting with S. mansoni, C. sukari is most noteworthy for it is
both abundant and dominant. Furthermore, the unusual facilitating effect provided to C.
sukari by S. mansoni that we observed carries some provocative consequences. For example,
from our experimental exposures of field-derived snails we found that B. pfeifferi were
already colonized by C. sukari larvae, but the larvae were unable to complete development
without a follow-up exposure to S. mansoni. This implies that most of the C.
sukari infections we observed in streams represent snails that had been penetrated by S.
mansoni miracidia and in which some degree of schistosome sporocyst development took
place: the sporocysts were either stymied early in their development by the pre-existing
presence of C. sukari larvae, or were able to develop to the point of cercariae production only
to be taken over by a subsequent C. sukari infection. It is possible that other trematode
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species like strigeids or xiphidiocercariae may also facilitate C. sukari infections though they
are much less abundant in our stream habitats than S. mansoni.
By using our empirical work to parameterize a novel mathematical model that explicitly
accounts for interaction between parasites within snail hosts, we were able to quantify the
role of antagonistic trematodes in field snails on the force of schistosomiasis transmission in
an endemic setting. Specifically, our mathematical model predicted that C. sukari could
dampen the force of transmission of S. mansoni by as much as 65 percent. The presence of C.
sukari-infected cattle thereby provides a significant protective effect for humans.
Furthermore, the amphistome would not persist or would persist at much lower levels
without the facilitation provided by S. mansoni. Consequently, in current mass drug
administration (MDA) campaigns in Kenya, treating humans with praziquantel (with
presumed downstream effects on limiting S. mansoni infections in snails) would then also
decrease the number of successful C. sukari infections in snails and in turn the number of
cattle infected with C. sukari. Conversely, if cattle were targeted in MDA campaigns to
control Fasciola gigantica and other flukes like C. sukari, we would expect assuming no
concomitant S. mansoni control, to observe an increase in the number of S.
mansoni infections in snails. In particular, our model predicts at least a 40% increase (Figure
5a). The peculiar dependencies between C. sukari and S. mansoni provide an important
example of how intramolluscan encounters could have significant downstream effects on the
prevalence of infection of either parasite in their respective definitive hosts.
The interactions we have noted between S. mansoni and C. sukari favor the latter species, but
in other contexts, including in Kenya, the presence of another amphistome
species Calicophoron microbothrium in the snail Bulinus tropicus facilitates infections with
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the cattle schistosome Schistosoma bovis (Southgate et al., 1989). Schistosomes and
amphistomes, possibly because their respective positions in the dominance hierarchy lie close
together (Figure 2), clearly engage in distinctive interactions that seem to favor the
colonization of a snail species that might otherwise not easily be infected.
Recent transcriptional studies have indicated that S. mansoni sporocysts promote downregulation of many B. pfeifferi immune factors, and that C. sukari transcriptomic activity may
be limited without S. mansoni present (Buddenborg et al., 2017). This is suggestive that
immune interference provided by S. mansoni enables larval development of C. sukari to
proceed (Lim and Heyneman, 1972). This idea is supported by finding, following
experimental infections of B. pfeifferi by C. sukari, intact but undeveloped mother sporocysts
of C. sukari loosely surrounded by snail hemocytes, as if parasite and host were at an
impasse. Furthermore, several studies in the related snail, Biomphalaria glabrata indicate S.
mansoni and Echinostoma paraensei can interfere with snail defenses, thereby allowing
development of particular trematode strains and species that would otherwise be doomed to
fail in B. glabrata (Lie, 1982; Lie et al., 1976; Hanington et al., 2012). We also note that
immune-suppression mediated by one trematode species may be a means whereby another
trematode species is able to invade and colonize an otherwise incompatible snail host,
thereby helping to account for high rates of snail host-switching that are a prominent feature
of trematode-snail interactions (Brant and Loker, 2013) and C. sukari may exemplify this
process.
Also, of interest is the mechanism whereby subsequent development of S. mansoni
sporocysts is suppressed in the presence of C. sukari larvae. Is it mediated directly by
predatory or secretory activities of C. sukari larvae, or indirectly via snail host responses?
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Our histological and in vitro encounter studies do not reveal direct evidence of predatory
activity by C. sukari rediae. It also seems unlikely that if S. mansoni initially provided
immune-mediated protection for C. sukari that later in the co-infection the tables would be
turned such that S. mansoni rather than C. sukari would be selectively attacked by host
immune responses. One possibility to pursue is that secretory/excretory products produced
by C. sukari larvae interfere with development of S. mansoni sporocysts, possibly including
damaging them such that they are prone to attack by hemocytes of B. pfeifferi. Identification
of factors inimical to S. mansoni larval development would be of potential interest as a novel
means of schistosomiasis control. We further note that in an area of hyperendemic
transmission of S. mansoni in and around Lake Victoria, this predominantly human parasite
is nonetheless favored by its ability to infect diverse definitive hosts and at least three taxa of
ecologically distinct Biomphalaria intermediate hosts. However, S. mansoni transmission is
modulated by a number of biological realities that relate both to historical patterns in animal
husbandry favoring transmission of trematodes of domestic ruminants and to the presence of
several wild vertebrate species that support a remarkably diverse trematode fauna. Many of
these trematodes, at least 29 species in addition to S. mansoni, also depend
on Biomphalaria snails for their larval development. Our results indicate that S. mansoni is in
no way favored by their presence but must interact with them if found in the same snail host
and can even be directly exploited by them by providing a needed facilitation effect, one that
favors the continued presence and abundance of a potent competitor, the most common
trematode in the system, the cattle-transmitted C. sukari.
In conclusion, the peculiar interactions we found between S. mansoni and C. sukari highlight
the important role of human-modified history in dictating patterns of infectious disease. The
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long-term use of the same snail-containing aquatic habitats by human pastoralists and their
livestock has led to a situation where the parasites of cattle have seemingly been selected to
exploit the predictable and widespread presence of the human parasite S. mansoni in snails.
Here we show another example of how pastoralism has shaped the nature of the parasites and
diseases experienced by both humans and ruminants (Greter et al., 2017). In addition, the
interspecific interactions occurring between trematodes within their vector snails can in turn
have cascading effects in influencing prevalence of parasites in their definitive hosts,
including humans.

Materials and methods

Field surveys and parasite assessment
To measure transmission patterns of trematode parasites in their snail hosts, we sampled six
sites along a 300 m stretch of Asao Stream (−0.31810, 35.00690) in western Kenya every
other month from January 2014-January 2018. We also sampled six sites along a 300 m
stretch at Kasabong Stream (−0.15190, 34.33550) and two sites along the shoreline at Lake
Victoria (−0.09410, 34.70760) from Jan 2015-Jan 2018. At the stream and shoreline sites,
two people sampled for 15 min using a long-handled triangular mesh scoop, scooping the
sides of rocks, plants, and the bottom of the substrate to collect snails. Water velocity and pH
(Hanna Instruments pH/Conductivity/TDS High-Range Tester) measurements were also
recorded. Air temperature and rainfall data were collected from the Kisumu, Kenya airport
weather station. Snails were then transported back to the lab and following cleaning and
sorting were individually placed into 12-well tissue culture plates with 3 ml of aged tap
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water. The plates were then placed in natural light for 2 hr to induce the release of cercariae
(‘shedding’). Snails were identified using an African snail key (Brown and Kristensen, 1989)
and cercariae were provisionally identified using African and North American keys
(Frandsen and Christensen, 1984; Schell, 1985). Some snails found to be infected with
trematodes were used for experimental exposures to determine which trematodes were
dominant or subordinate to S. mansoni (see below). Uninfected snails were placed into 20 L
plastic aquaria and fed red leaf lettuce and then re-shed 3 weeks post-collection to determine
if they had harbored prepatent trematode infections (incompletely developed infections) at
the time of collection. Most cercariae from each individual shedding snail were saved in a
separate 2 ml screwcap tube and preserved in 95% ethanol for later molecular analyses.
Because cryptic species commonly exist among trematodes, we employed molecular markers
to more precisely differentiate species in conjunction with morphological features of the
cercariae. We used both nuclear markers 28S ribosomal gene (28S) or intragenic spacer
(ITS), and mitochondrial markers cytochrome oxidase 1 (cox1) or NADH dehydrogenase 1
(nad1) for this purpose. The choice of molecular markers used depended upon the number of
GenBank records already available for each trematode superfamily. For example, there was a
greater diversity of GenBank records for ITS than for the 28S gene for amphistomes.
Genomic DNA was extracted from 1 to 3 cercariae using the Qiagen MicroKit (Qiagen,
Valencia CA), with a final elution of 35 μl. PCR cycles and primers used were as reported
in Laidemitt et al. (2017) for ITS and cox1 for amphistomes, Morgan and Blair (1998) for
the nad1 gene for echinostomes, Tkach et al. (2016) for the 28S gene which amplifies many
superfamilies of trematodes and (Lockyer et al., 2003) for cox1 to amplify schistosomes.
PCR products were purified using ExoSap-IT (Affymetrix, Santa Clara, CA).
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PCR amplicons were sequenced in both directions using an Applied Biosystems 3100
automated sequencer and BigDye terminator cycle sequencing kit Version 3.1 (Applied
Biosystems, Foster City, CA). Sequences were edited in Sequencher 5.0 and then were
aligned by eye in Mega 7 (Kumar et al., 2016) against the diversity of sequences in GenBank
for each gene. More details about these methods are described in Laidemitt et al.
(2017) and Laidemitt et al. (2019). To determine species or genus to which our samples were
most closely aligned, we ran pairwise comparisons in Mega 7. Operationally, we used pdistance values less than 1.5% with respect to nad1 or cox1 genes to indicate our samples
corresponded to those of a single species, and values > 5% to indicate they were different
species (Vilas et al., 2005).
Compatibility of Biomphalaria to S. mansoni
Fifty F1 Biomphalaria pfeifferi or B. choanomphala, or 60 B. sudanica were individually
exposed to 5 S. mansoni miracidia from sympatric localities (Asao for B. pfeifferi, Kanyibok
for B. sudanica and B. choanomphala) in 12 well cell culture plates for 6 hr and then placed
into 20 L tanks and fed lettuce and shrimp pellets three times a week. Water was changed
once a week. Snails were put in 12 well plates under ambient light to induce shedding once a
week starting 3 weeks post exposure. Peak shedding prevalence of surviving snails, which is
the number shedding Biomphalaria/surviving Biomphalaria are shown (Figure 1D). B.
pfeiffierished the earliest (4 weeks and peaked at 6 weeks) and B. sudanica and B.
choanomphala started shedding at 6 weeks and peaked at 7 weeks. Snails used in this
experiment were identified by reference to the mitochondrial genomes
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of Biomphalaria collected from the same locality (Asao) or nearby localities (Kanyibok) and
published by Zhang et al. (2018).
Experimental exposures to examine interactions between S. mansoni and the
amphistome Calicophoron sukari
Experiments were set up to examine the interactions between S. mansoni and the common
amphistome we provisionally identified as C. sukari (Dinnik, 1954). S. mansoni eggs were
collected and pooled from five primary school children (see ethics statement below) and C.
sukari eggs were harvested from cow dung samples collected along the banks of Asao
stream. Eggs from both sources were concentrated using nested sieves (Mutuku et al., 2014).
After the cattle dung was sieved, half of the retained egg-rich material was placed into the
refrigerator as a source of C. sukari eggs for later parts of the same experiment, and the other
half was placed in plastic containers and aerated in the dark for 14–16 days to allow the eggs
to fully embryonate. Eggs were considered fully embryonated when moving miracidia were
observed within the eggs.
To establish F1 B. pfeifferi for the experiment, at least 200 uninfected (screened by shedding)
parental snails were collected from Asao stream or Kasabong stream and divided among five
180 L tanks for breeding. Snails were fed red leaf lettuce and shrimp pellets three times per
week until eggs were laid.
Fifty (2014 experimental exposures) or sixty (2017 experimental exposures) 2–4 mm
laboratory-reared F1 B. pfeifferi (parents from Kasabong stream in 2014 and parents from
Asao stream in 2017) were assigned to each of the following six treatment groups: 1) sham
controls (no parasite exposure, but individually placed into 12 well plates); 2) snails
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individually exposed to 5 S. mansoni miracidia; 3) snails individually exposed to 5 C.
sukari miracidia; 4) snails individually exposed to 5 S. mansoni miracidia and two weeks
later to 5 C. sukari miracidia; 5) snails individually exposed to 5 miracidia of C. sukari then
two weeks later to five miracidia each of S. mansoni; and 6) snails simultaneously exposed to
5 C. sukari and 5 S. mansoni miracidia. F1 snails were randomly chosen from the five 180 L
tanks and placed individually into 12-well cell culture plates with 3 ml of aged tap water for
the exposures. Miracidia were hatched by placing a flask or plastic container with S.
mansoni or C. sukari eggs in water in ambient light. Miracidia were transferred using a glass
pipette into a petri dish to facilitate enumeration and were then pipetted into the 12-well cell
culture plates (five miracidia per species per well). All snails were exposed to miracidia
obtained within 2 hr of hatching and were exposed for 6 hr in the 12 well plates. Snails were
then placed into 20 L tanks in a screened, covered snail rearing facility subject to the diurnal
light and temperature at Kisian, Kenya. The snails were kept in 20 L tanks and were fed red
leaf lettuce and shrimp pellets three times a week. Water was changed once a week.
Starting at three weeks post-exposure and at weekly intervals thereafter, snails were
individually placed into wells in 12-well cell culture plates with 3 ml of aged tap water for
two hours between 10:00-12:00 under ambient light to determine if they would shed
cercariae. Cercariae were identified according to cercariae keys (Schell, 1985) and for
verification and further delineation, some cercariae were sequenced (GenBank accession
numbers MN603500-MN603506). Snails were shed once a week until 10 weeks post second
parasite exposure (12 weeks from initial exposure). The number of shedders and snail
mortality were recorded and prevalence of infection determined as described above. This
basic experimental protocol was repeated three times, in Jan 2014, Jan 2017 and Jun 2017.
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An appropriate sample size was computed when the study was being designed. We used
G*Power to calculate sample size with an alpha error probability of 0.05 and found our
sample size was appropriate (250 to 300 for each experiment or 50 to 60 per each treatment).
Differences among treatment groups with respect to infection success of experimental
exposures were analyzed GraphPad Prism 7 for both S. mansoni and C. sukari using a nonparametric Kruskal-Wallis analysis of variance (ANOVA) with an alpha of 0.05, by exposure
type (single parasite, and mixed species co-exposure), followed by pair-wise comparisons. In
the co-exposure experiments we used shedding rates at 8 weeks post second parasite
exposure (10 weeks post exposure for controls). Non-parametric tests were used because the
data were not normally distributed because survivorship and infection prevalence varied
among the infection groups. Prevalence of infection of each parasite per group was
determined as the proportion of surviving exposed B. pfeifferi shedding cercariae.
Assessing relative dominance ranking among trematodes
Two different methods were used to reveal the trematode dominance hierarchy. The first
used field-derived B. pfeifferi found to be shedding one species of cercaria. These were kept
in aquaria and were shed twice a week until the snail died. A ‘natural takeover’ was recorded
if the snail ceased shedding one species of cercaria and switched over to shedding a different
species of cercaria (for example, B. pfeifferi was first shedding S. mansoni and later began
shedding C. sukari cercariae). The second method was to obtain either field-derived B.
pfeifferi shedding one type of cercaria, or to experimentally expose lab-reared B. pfeifferi to a
particular species of trematode. Then, once the snails were shedding cercariae of that species,
they were re-exposed to miracidia of a different species of trematode. These snails were
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isolated and shed twice a week starting three weeks post second exposure to learn if cercariae
of the second species were produced.
Histology
Snails were placed in Railliet-Henry’s fluid for at least 48 hr. The shell of each snail was
removed, and the body of the snail was placed into 10% neutral buffered formalin. The snails
were sent to TriCore Reference Laboratories in Albuquerque, New Mexico, sectioned, and
sections stained with hematoxylin and eosin.
Mathematical modeling methods
We developed a deterministic model framework, described by a system of ordinary
differential equations, to evaluate the impact of C. sukari presence and transmission intensity
on S. mansoni prevalence in B. pfeifferi and total S. mansoni cercarial production (Figure 5—
figure supplement 1 and Supplementary file 3). The model divides the B. pfeifferi snail
population into two size classes (juvenile and adults) and multiple infection stages
(susceptible, exposed, infected, infected and castrated) to account for the reduction in growth
rates and fecundity and an increase in mortality associated with S. mansoni and C.
sukari infections. It also incorporates the timing of each trematode infection (both
simultaneous and sequential) on consequent S. mansoni or C. sukari cercarial output as
determined by our laboratory experiments. In addition, the model includes a ‘sink’ snail
population to account for the loss of miracidia (of both trematode species) when the larvae
infect incompetent snail species that do not result in new cercariae. Moreover, the model
explicitly tracks the loss of miracidia due to the successful infection of any snail host.
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The equilibrium levels of S. mansoni and C. sukari infection were calibrated to field survey
data by fixing the rate of snail exposure per miracidial density and the S. mansoni and C.
sukari miracidia input into the system. Field survey data, obtained from January 2014January 2018 at Asao stream in western Kenya, identify the proportion of B.
pfeifferi shedding each trematode. These data indicate that the proportion of B.
pfeifferi shedding S. mansoni was equivalent to the proportion shedding C. sukari. We set
miracidial inputs and exposure rates to yield three different S. mansoni and C. sukari snail
shedding regimes, at 2.5, 5 and 10 percent. The relative size of the exposure rates reflects
miracidial preference for B. pfeifferi over potential sink snails from our choice chamber
experiments, and the unlikely possibility of simultaneous exposure. The volume of water in
the system and the overall snail density and relative abundance of B. pfeifferi and potential
sink snails were obtained from snail density surveys conducted from June 2016 to January
2018 on a 380 meter section of Asao stream. The impact of varying levels of C.
sukari miracidial input into the S. mansoni transmission system at equilibrium was then
evaluated with respect to the prevalence of S. mansoni infection in B. pfeifferi and the
overall S. mansoni cercarial output of the snail population. The sensitivity of B.
pfeifferi infection with S. mansoni and C. sukari and resulting cercarial output to miracidial
input and exposure rate of B. pfeifferi per miracidial density was explored and is represented
in Figure 5—figure supplements 2 and 3. At the snail density we found at Asao stream the
miracidial input values that resulted in equal shedding of S. mansoni and C. sukari at
reasonable inputs, of between 50–5,000,000 miracidia per week, were only possible in
certain exposure ranges. These B. pfeifferi exposure rates per miracidial density per week
were primarily between 0.025 and 0.75 (Figure 5—figure supplement 1). All model
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variables, differential equations and parameter values are also described in Supplementary
files 1–3. All model simulations were performed in Matlab 2019a (The MathWorks Inc,
Natick, MA, 2019).
Ethical approval
Human subjects were enrolled into our study to provide fecal samples
containing Schistosoma mansoni eggs. We used these eggs to do our experimental exposures
and to develop the dominance hierarchy. Samples were collected and pooled from five
primary school children from Obuon primary school near Asao Stream, Kenya (00°19’01’ S,
035°00’22’ E). Consent forms were given and signed by the children’s parents. The KEMRI
Ethics Review Committee (SSC No. 2373) and the UNM Institution Review Board (IRB
821021–1) approved all aspects of this project involving human subjects. All children tested
and found positive for S. mansoni were treated with praziquantel following standard
protocols. Details of recruitment and participation of human subjects for fecal collection are
described in Mutuku et al. (2014). This project was undertaken with the approval of Kenya’s
National Commission for Science, Technology, and Innovation (permit number
NACOSTI/P/15/9609/4270), National Environment Management Authority
(NEMA/AGR/46/2014) and cercariae and snails were exported with the approval of the
Kenya Wildlife Service permit number 0004754.
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Chapter 3: Modeling the within-host dynamics of S. mansoni: The consequences of
treatment frequency and inconsistent efficacy for disease control

Abstract
Schistosomiasis is a neglected parasitic disease for which 290 million people needed
treatment in 2018. Many mathematical models of Schistosoma mansoni transmission
incorporate the effect of chemoprophylaxis on parasite burden within the human host. While
praziquantel is the most commonly implemented pharmaceutical used to control
schistosomiasis, due to its applicability over several species and its negligible side effects, it
is not very effective against juvenile schistosomes in humans. This limited efficacy on the
juvenile life-stage of the parasite may be an important factor in the persistence of the disease.
The demographic consequences of praziquantel use on schistosome population age and sex
composition within the human host may obfuscate the effectiveness of these
chemoprophylactic control strategies. Furthermore, the effectiveness of this treatment is
heavily dependent on the force of infection to humans and the frequency at which these
pharmaceuticals are administered. Using a stochastic Markov-chain model we investigated
the effects of inconsistent drug efficacy among parasite life-stages, varying parasite
population structure within the human host, and alternative treatment regimes to the
prevailing once-yearly strategy. This allowed us to identify the reduction in infection
prevalence under differing infection risk scenarios, parasite population structures at the time
of treatment, and treatment schedules. Our results indicate that if elimination is the goal then
widespread (>75% of the population) treatment should be the target and that more frequent

78

treatment schedules are useful up to three treatments a year.

Introduction
Schistosomiasis is a neglected parasitic disease caused by various trematode species of the
genus Schistosoma. Chronic human infections are of concern as they can lead to serious
complications such as enlargement of the liver and spleen and kidney damage [1]. Even with
persistent control efforts, schistosomiasis remains endemic in 52 countries, with 90 percent
of cases occurring in sub-Saharan Africa [2]. The most common of the schistosoma species
in sub-Saharan Africa, Schistosoma mansoni, utilizes both humans and planorbid snails as
obligate hosts, providing multiple avenues for control. These control strategies include
improvement in water availability and sanitation infrastructure, education, and molluscicide
use on snail populations, but the primary form of control is mass drug administration (MDA)
in the human population. Despite these options, elimination of S. mansoni in sub-Saharan
Africa has proven elusive [3].
To understand the robustness of the Schistosoma transmission system to various
MDA regimes, we propose a novel within-host model of schistosome infection. In contrast to
previous studies that evaluated the impact of MDA on human populations, we focus on the
effectiveness of MDA within each individual human host and how that translates into
population-level outcomes. Our inclusion of individual-level dynamics during MDA allows a
unique insight towards areas with persistent transmission despite consistent MDA and to
identify avenues which can maximize control efforts and help reach the morbidity reduction
and elimination goals set by the WHO [2-3].
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This work builds on prior within-host modeling frameworks designed to capture infection
dynamics within a host species. These models focus on processes at various physical scales.
They often elucidate immune system reaction to, and potential clearance of, infection, viral
load decay and dynamics [4-6]. Alternatively, they may focus on competition between
parasites within a host, and at the more general host level they may include modulation by
host fitness or age competency for transmission [7-8]. It is also important to note that these
interactions may be occurring at drastically different time scales. Therefore, mathematical
models of within-host infection often focus on short-term viral or parasitic loads or long-term
chronic infection dynamics [9]. There are also models which aim to capture multi-scale
interactions, linking within host and between host processes [10-13]. Our model is of this
latter variety, a novel within-host infection framework that allows for individual variation in
parasitic load and captures the impact this has on population-level transmission dynamics
during the implementation of drug treatment.
Within the definitive human host, S. mansoni goes through several developmental stages
which are differentially impacted by current drug treatments. After initial penetration of the
skin, Schistosoma cercariae migrate in the bloodstream through the lungs to the liver. The
cercariae develop into schistosomulae and these mature into adults in approximately four
weeks. After maturation the adult schistosomes migrate to the mesenteric vein and mate. The
female worm lodges itself into the groove of the male schistosome and they remain mated,
producing hundreds of eggs per day for their lifetime. [1,14-15]. Adult schistosome worms
can then live for up to 30 years, though on average they survive for 3-5 years [1,14-15]. In
general, there is a large sex bias among adult worms - usually a 2.5:1 male to female ratio –
which results in a high probability that a female worm is mated even in low adult worm
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population densities [6]. All of these life-cycle characteristics result in a robust transmission
system.
Currently, the anti-helminth drug, praziquantel, is the most heavily utilized treatment
worldwide for schistosomiasis [2,3]. Praziquantel has been in widespread use since 1984 as a
first-line treatment choice due to its low cost, minimal side effects and efficacy against all
human schistosomiasis species [17]. It has been used extensively in large-scale yearly
preventative chemotherapy campaigns in the last decade to reduce overall morbidity and
chronic complications. However, praziquantel is not without issue, in particular it is not very
effective against juvenile worms, particularly those aged 1-4 weeks [17]. Cure rates for
S.mansoni infection with praziquantel have been variable, often between 30 and 100%,
though it is usually above 72 percent [17-18]. While there are various theories as to the cause
of reduced efficacy in juvenile worms there are currently no definitive studies. Overall,
while praziquantel has proven cost effective and efficacious in reducing morbidity at the
individual level, repeated MDA campaigns among school-aged children in endemic regions
do not often result in elimination at the population level [19].
Multiple modeling studies have focused on the prospect of elimination and morbidity
control through MDA with praziquantel [20-23]. While some have indicated that a
praziquantel based intervention has inadequacies they have conflicting conclusions on
whether the current MDA strategies are sufficient for morbidity reduction and elimination
despite the persistence of “hotspots” and areas recalcitrant to repeated MDA campaigns [2123, 25-27]. However, these models have not included the differential efficacy of praziquantel
among schistosome life stages, and the majority do not explore MDA at frequencies of more
than once a year.
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We constructed a model that includes the differential life-stage mortality and numerous
MDA treatment schedules to assess the impact these factors have on the success of MDA in
achieving morbidity reduction and elimination targets. This model estimates that if
elimination is the target then once yearly MDA is not sufficient except in extremely low
burden areas where there is broad (>75%) treatment coverage for the population contributing
to transmission. Furthermore, in moderate and high burden areas, in order to achieve a large
reduction in burden there should be multiple praziquantel treatments a year and (>50%)
treatment coverage for the population contributing to transmission.

Methods
Model Structure
We simulate schistosome infection and treatment dynamics in a small community of 100
individuals. Within each individual human host, the model framework includes three
different stages of schistosoma development, which correspond to differential susceptibility
to praziquantel treatment and the length of time spent in each developmental stage (Table 1,
SI Table 1) [18]. In order to address the potential impact of various MDA strategies we
developed a continuous-time Markov chain model of the within-host schistosome
populations, simulated using the tau-leap method (Figure 1). The use of stochastic processes
and integer-valued variables allows for schistosome population die-out and therefore local
elimination within an individual host.
The initial worm burden profile for the population was set to represent the WHO
classes of either: low (<10%), moderate (10-50%) or high (>50%) infection prevalence.
Within the infected human population, the worm burden varied for each individual. We
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calculated the number of mated worm pairs necessary to produce the eggs per gram of feces,
(<100, 100-399, >400) which correspond to the WHO classification of low, moderate or
heavy burden. The proportion of infected individuals in each burden class was set to either
low, moderate or high burden, and an individual human’s schistosome population was then
drawn from a distribution of mated worm pairs corresponding to the burden level. The model
was run with various combinations of initial population burden (<10%, 30%, >50%), and
proportions of individual infection intensity for the infected portion of the human
population.
Force of Infection
The force of infection (FOI) experienced by each individual human is modeled in
four different ways: either unrelated to egg production; linked to the overall population egg
production; linked partially (50% or 75%) to the overall population egg production; or linked
to both the total population egg production and the individual’s initial egg burden. The case
of unlinked FOI serves as a proxy for treatment of a subset of the population which does not
impact the miracidial population and therefore the FOI from snails to humans. If the FOI is
set to be linked to the egg production of the entire population then the population FOI is
scaled to the mean schistosome egg population. Consequently, there is feedback between egg
production and the risk of infection. It is important to note in the population-linked FOI
scenarios every individual in the population experiences the same FOI regardless of their
initial worm burden. When the FOI is linked to the egg production of the total population and
the initial egg production of the individual, the initial egg burden is a measure of an
individual’s initial intensity of infection. In this scenario the initial infection intensity is
assumed to be influenced by the individual’s risk of infection, either due to susceptibility to
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the parasite or due to behaviors contributing to exposure. These factors are not considered to
change over the course of the intervention, therefore a human with a higher-than-average
burden prior to treatment will have a higher FOI than an individual with an initial worm
burden equal to the mean population worm burden. The effect of the mean population egg
production on the FOI was modified by a scaling parameter. This scaling parameter was
included to incorporate the indirect impact of egg burden on the force of infection. This
parameter was set at a value to initially approximate the mean egg burden of a moderately
infected population, so as to modify the FOI by a factor of how far above or below the mean
egg production during the intervention is in comparison to a moderately infected population
benchmark. Sensitivity analyses of this scaling parameter were performed and are presented
in SI Figure 1. All model equations are presented in SI Table 1

Schistosomula

Juvenile Male Worms

Adult Male Worms

Juvenile Female Worms

Adult Female Worms

Eggs

FOI

Figure 1: Conceptual diagram of model structure within a single human host.
Variable
Sch1
Sch2
Jf1
Jf2
Jf3
Jm1
Jm2
Jm3
Af1
Am1

Description
Schistosomulae – Aged 0-7 days
Schistosomulae – Aged 8-14 days
Juvenile female worms – Aged 15-21 days
Juvenile female worms – Aged 22-28 days
Juvenile female worms – Aged 29-35 days
Juvenile male worms – Aged 15-21 days
Juvenile male worms – Aged 22-28 days
Juvenile male worms – Aged 29-35 days
Adult female worms – Aged 36-42 days
Adult male worms – Aged 36-42 days
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Af2
Adult female worms – Aged 43+ days
Am2
Adult male worms – Aged 43+ days
E
Eggs
B
Force of infection to humans
Table 1: Description of model variables
Intervention Scenarios
The stochastic model was run for intervention scenarios of 1-6 years in length. The
praziquantel MDA was applied to each individual in the population and the percentage of
schistosomes within each individual was decreased in accordance with praziquantel efficacy
for each life stage (Table 2). Praziquantel treatment was applied at intervals varying in length
from 1-12 months. The treatment was either applied at the same frequency for the duration of
the intervention time, for example every two months for 5 years, or it was applied at the same
frequency for a set number of doses, for example three treatments, each 2 months apart.
The metrics we used to evaluate the efficacy of MDA treatment timings include mean
worm burden, adult female schistosome population size, total egg population size, the
proportion of individuals who experience total worm die out, adult female schistosome die
out, and the proportion of time during the intervention period with zero eggs production
(indicating a break in transmission). To establish confidence in the simulation results, all
stochastic scenarios were run for 1,000 instances with identical initial conditions. The
rebound of the schistosome population after intervention cessation was also evaluated under
various initial FOI values.
To establish the impact of stage-dependent mortality on the treatment outcomes, a
baseline model wherein all schistosome stages were assumed to experience either a very low
(70%) or more standard (90%) reduction upon treatment was used for comparison (Figure 5,
SI Figure 2). Oxamniquine, another treatment option for S. mansoni, with differing
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schistosome stage and sex-specific efficacy was also evaluated (SI Table 2, Supplemental
Figs. 3-4).
Parameter
Description
A1
Rate of transition from schistosomulae to
juvenile worms
A2
Rate of transition of juvenile worms to adult
worms
U1
Mortality rate for schistosomulae
U2

Mortality rate for juvenile worms

U3

Mortality rate for adult male worms

U4

Mortality rate for adult female worms

P1
P2
R
V
Y
Tx1
Tx2
Tx3
Tx4
Tx5
Tx6
Tx7
Tx8
Tx9
Tx10
Tx11
Tx12
Sc

Proportion of new worms that are male
Proportion of new worms that are female
Egg production per mated adult female worm
Probability that a female worm is mated
Proportion of eggs that pass out of human host
Efficacy of Praziquantel on Sch1
Efficacy of Praziquantel on Sch2
Efficacy of Praziquantel on Jm1
Efficacy of Praziquantel on Jm2
Efficacy of Praziquantel on Jm3
Efficacy of Praziquantel on Jf1
Efficacy of Praziquantel on Jf2
Efficacy of Praziquantel on Jf3
Efficacy of Praziquantel on Af1
Efficacy of Praziquantel on Af2
Efficacy of Praziquantel on Am1
Efficacy of Praziquantel on Am2
Scaling parameter

Table 2: Description of model parameters
Results
Treatment Frequency and FOI Type
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Value
1/7 per day

Source
[18]

1/7 per day

[18]

1/1095 per
day
1/1095 per
day
1/1095 per
day
1/1095 per
day
.72
.28
350 per day
.95
.5
85%
70%
50%
35%
15%
50%
35%
15%
95%
95%
60%
60%
1/500000

[5]
[5]
[5]
[5]
[6]
[6]
[4]
[20]
Estimated
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
Estimated

To evaluate the impact of repeated MDA on a representative human population in an
endemic setting, praziquantel treatment was applied at varying intervals over intervention
lengths of 2, 3, and 5 years. As routine MDA is recommended for environments with
endemic schistosomiasis, the initial prevalence in the human population was set above 50%,
though simulations with a low initial population burden were run for comparison (SI Figs. 512). An example of an initial schistosome population is represented in Figure 2a. This
population prior to praziquantel treatment has high levels of prevalence and, as has been
found in field studies, the majority of high burden individual infections clumped in a small
proportion of the population [19-20]. The worm burden in a population prior to treatment at
various initial FOI (B) levels is shown in SI Fig 1. The population schistosome burden over a
two-year intervention, for one iteration is shown in Figure 2b, with treatment applied at sixmonth intervals over a two-year intervention. In the Figure 2b scenario there is a marked
reduction in schistosomes per individual after treatment, with some rebound in the
schistosome population between the 6-month treatment intervals. As praziquantel is overall
quite effective this contraction in the schistosome population is typical directly following
treatment.
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Figure 2: A representative population distribution of adult worms in a moderate risk human
population. Panel a: Initial adult worm population prior to treatment in a population of 100
individuals. Panel b: Adult worm population over a 2-year intervention period with
praziquantel treatment applied every 6 months.
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Figure 3: Total adult worm burden after a 3-year intervention period under varying treatment
timing regimes. Panel a: The boxplots show the mean adult worm burden for the population
over 1,000 replicates, while the shaded points show the adult worm burden in each individual
in the population over 1,000 replicates. As the initial FOI (B) increases from .5-25, the total
schistosomes after the intervention increases (top to bottom in the panels). As the linkage of
FOI to the population egg production increases from 0-100%, the total number of
schistosomes tends to decrease (left to right in the panels). Panel b: The mean population
worm burden across all realizations for each treatment timing regime. For the 100%
population linked FOI, all treatment timing regimes result in zero mean worm burden,
regardless of the initial FOI.

While there are large reductions in the overall schistosome population at both the
individual and community level after treatment, the longer-term effectiveness of MDA varies
considerably depending on the initial FOI, the frequency of treatments and the extent to
which FOI is linked to the egg production in the treated population (Figure 3). Under the low
initial FOI scenario, (B=.5), even without any feedback, and therefore reduction on the FOI
after MDA, the mean worm burden is very low after 3 years of consistent treatment. With the
linked FOI scenarios, where the FOI over the course of the intervention is impacted by the
reduction in eggs produced by the population, there is negative feedback and the result is
lower mean worm burden. As expected, this diminishment of the FOI and the subsequent
effect on schistosome population size is more pronounced with increasing linkage of FOI to
the mean number of eggs excreted into the environment. In the model with 100% of the FOI
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modified by the mean number of eggs, it is assumed that the entirety of the human population
contributing to the FOI is included in the MDA treatments. With 100% of the population
treated with praziquantel over 3 years, once-yearly treatment is sufficient for elimination.
However, the 50% and 75% partial FOI linkage scenarios display mean worm burden values
intermediate to the unlinked and 100% linked circumstances, with increasing mean worm
burden a product of increasing length of time between treatments (Figure 3). At higher initial
FOI values (B=2-10), low mean worm burden is only achieved through high levels of
population treatment, or MDA treatment schedules that are more frequent than the standard
once yearly administration. In subsequent figures, the population mean across all replicates is
presented for ease of trend interpretation, however the boxplots with the range of means and
the individual variation across replicates, as are presented in Figure 3a, are included in the
supplemental information.
Adult female population size is correlated with overall egg production, which is the
primary source of morbidity in humans and is essential to continued transmission. Similar to
the total schistosome population, the adult female schistosome population also exhibited
persistence under situations with yearly MDA, moderate or high initial FOI and treatment
coverage of 75% or less (SI Figure 13). Very low adult female population sizes per human of
less than 5 are possible with very low FOI under a once yearly MDA schedule (SI Figure 11).
Low adult female populations indicate the possibility of breaks in transmission competency.
The egg production of the population mirrored the adult female population, though
elimination was not achieved by the end of the intervention period in high FOI situations
with yearly MDA (SI Figs. 10)-11. For all initial FOI values, the FOI that is linked to each
individual’s egg burden displays qualitatively identical results as the 100% population linked
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FOI (SI Figs. 6-10). Intervention lengths longer than 3 years showed behavior similar to the
3-year length, indicating a stagnation in effectiveness with longer intervention lengths if FOI
is relatively consistent and treatments were given at similar intervals and population coverage
(SI Figs. 8-9).
We also explore a second option for evaluating intervention effectiveness. Rather
than a set goal of elimination or specific reduction in burden within a certain time frame, we
also simulate outcomes after a set number of treatments. This may be useful in situations
where there is a limitation on doses but the logistical ability to administer these treatments at
a variety of time points.
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Figure 4: Total worm burden after three treatments under various FOI initial conditions (B), types
and treatment intervals. The points show the mean adult worm burden in the population over 1,000
runs.
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Lower schistosome populations are seen if the treatments are given at shorter
intervals, particularly one month apart (Figure 4). However, under very low FOI conditions,
the impact of treatment timing was minimal, instead the targeted treatment of the portion of
the population contributing to the FOI was a better indicator of success in achieving
elimination (Figure 4). Under moderate and high initial FOI circumstances, treatments
applied in quick succession led to a greater reduction in total schistosome population than
treatment intervals closer to a year. Elimination was only achieved in moderate or high FOI
situations when there was very high treatment coverage (Figure 4). There is not an increase
in the effectiveness of the MDA with an increased number of treatments applied at the same
interval (SI Figs. 14-17). Consequently, after three treatments there are diminished returns.
Therefore, in a scenario with a limited number of doses available, a greater impact on the
mean worm burden would be achieved if doses were administered to more individuals in the
population for up to three treatments rather than extending the length of the intervention.
Treatment regimes that only included two treatments were not as effective as those that
included three or more treatments (SI Figs. 12-13,16-17). The adult female and egg
populations followed the same patterns exhibited by the mean worm burden (SI Fig 12-17).

Alternative models
We also consider two “null” models with no differential mortality due to MDA
between schistosome age classes and either a low or standard effectiveness (70% or 90%
mortality) with praziquantel treatment (Figure 5, SI 2-3). Both the 70% and 90%
praziquantel effectiveness have been found in field studies [11,18,21]. The 70% all-stage
mortality results in a greater total number of schistosomes after an intervention than the
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stage-specific model, though with large variance in MDA treatments at 11- or 12-month
intervals (SI Figure 2).
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Figure 5: Assuming 90% all-schistosome stage mortality, total worm burden after a 3-year
intervention period under varying treatment timing regimes. The boxplots show the mean
adult worm burden for the population over 1,000 runs, while the shaded points show the
adult worm burden in each individual in the population over 1,000 runs.

In general, the 90% all-stage mortality model has lower schistosome burden and smaller
individual variation after an MDA intervention than is predicted by our stage-specific
mortality model (Figure 5). With both all-stage mortality models, extremely frequent
treatments, such as every 1-3 months, depress the total schistosome population levels more
than we see in the stage-specific mortality model (Figure 3). This discrepancy can be
attributed to the more rapid rebound in the adult schistosome population after treatment from
the reservoir of juvenile stages that are more resistant to praziquantel. Therefore, a non-stage
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specific model may overestimate the effectiveness of a frequent praziquantel-based
intervention.
An alternative drug, Oxamniquine, primarily used in South America for the treatment
of S. mansoni, was evaluated as it causes differing schistosome sex and stage mortality than
Praziquantel [8,22]. Of particular note, Oxamniquine is more effective against juvenile
schistosomes and adult males and less effective against adult female schistosomes than
Praziquantel [23, SI Table 1]. The greater survival of adult females after Oxamniquine
treatment, coupled with the male skewed sex bias, leads to higher estimated schistosomes
after a 3-year intervention than with Praziquantel (SI Figs. 4-5). Similar to the all-stage
mortality models, there are very low population sizes at extremely frequent treatment as
Oxamniquine effectively diminishes the juvenile schistosome population removing this
potential reservoir (SI Figs. 4-5).

Transmission Interruption
We evaluate two measures of transmission interruption, the proportion of individuals
who experience total die out of adult females at any point during the intervention, and the
proportion of time where zero eggs are produced by the population. The overall adult female
population size at the end of a 2-5 year intervention period is similar regardless of the initial
burden profile of the population (SI Figs 7,9). However, the proportion of individuals who
experience a total die out of adult females at some point during the intervention (and are
therefore not potentially contributing to transmission at those times) is greater in those
populations with a low initial worm burden (Figure 6 & SI Figs. 15,18). With a low initial
worm burden there are more frequent, but very transient, die out events. In moderate or high
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FOI settings, there are thresholds, between 1-3 month treatment intervals, where there is a
transition from a high proportion of individuals experiencing a die out of adult females to a
much lower proportion (Figure 6). It should also be noted that in certain instances, after 10or 11-month treatment intervals there is a lower die out than at 12 months. This disparity is a
reflection of the same total treatments for 10-12 month intervals within the 3 year
intervention but the greater time for rebound in the schistosome population after the last
treatment for the shorter time intervals (Figure 6, SI Table 2, SI Figs. 6-7).

Figure 6: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI initial values and linkage types. The points show
the mean proportion of individuals who experience adult female schistosome die out. In the
100% population linked FOI all initial FOI points are identical and overlaid.
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The proportion of time without egg production, implying a break in transmission to the
intermediate host, increases with decreasing time between treatments (Figure 7). In
populations where treatment is applied to a broad spectrum of the population the initial
population burden has an influence on the proportion of time without contributing to
transmission. Those populations with low initial burden have a greater period of time without
egg production (SI Fig. 21). For situations with a moderate initial FOI (FOI=2) complete
cessation of egg production is difficult to achieve and is only possible with broad treatment
coverage or moderate coverage and treatment frequencies of 1-3 months (Figure 7). High
initial FOI environments (FOI=10-25) sustain egg production no matter the frequency of
treatment if there is not high population coverage (Figure 7, SI Fig ZZZZ). The proportion of
intervention time with adult female and total schistosome die out mirrors these patterns and
the individual-linked FOI showed a pattern similar to that of the 100% population linked FOI
(SI Fig 23).
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Figure 7: Interruption of egg introduction to the environment in a 3-year intervention period
under varying treatment timing regimes and FOI types and values. The points show the mean
proportion of time during the intervention period where there was complete schistosome egg
die out. In the 100% population linked FOI all initial FOI points are almost identical and as
such are overlaid.

Post – Intervention
Reduction in mean worm burden is an important metric of the effectiveness of
schistosomiasis control but the projected mean worm burden after the cessation of an
intervention is an equally important outcome. Simulations of the rebound in adult mean
worm burden two years post-intervention for the unlinked FOI model show approximately
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the level of infection expected with these average background FOI values in a situation preintervention (SI Fig. 1). The rebound trajectories show that under low and moderate FOI
regimes, even those situations where the FOI is not linked to post-treatment egg burden,
these populations may reach a new equilibrium and a lower burden regime (Figure 8) ADD
IN SI FIGURE. Under high FOI regimes, where there is rapid rebound in the schistosome
population due to reinfection, there is still a large if transient reduction in burden. The model
with the individual-linked FOI mirrored the fully population linked FOI (SI Fig 24).
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Figure 8: Schistosome population trajectory in 24 months after the cessation of 3-year
intervention period where treatment was applied every 6 months. The mean adult worm
burden number under various FOI types and initial values summarized over 1,000 runs.
Dashed red lines indicate the mean worm burden equal to 50, 100, and 200 percent of the
moderately infected population mean worm burden prior to the intervention.

Discussion
Our results indicate that effective interventions are not one-size-fits-all. The severity
of S. mansoni burden in the population prior to an MDA intervention, the proportion of the
population that is included in the MDA and the impact on the FOI from those individuals not
targeted in the MDA, are all important in determining effective intervention strategies. We
propose that the variability in the success in MDA after multi-year intervention programs is,
in part, due to the insufficient frequency (only once a year) and the treatment of only the
school-aged children segment of the population [23,25,26,34]. In multiple studies, schoolaged children have been found to be disproportionately infected with S. mansoni and have
been attributed to contribute to the bulk of transmission [23]. However, our results indicate
that if they are not responsible for at least 75% of the force of infection to the intermediate
snail host then the population as a whole will not reach a lower burden status quo.
While elimination may not be possible without repeated treatment to at least 75%
percent of the population at intervals shorter than the standard 12 months it is important to
note that the MDA at 12-month intervals does greatly reduce morbidity in the treated
individuals. The reduction in morbidity, particularly in school-aged children is a primary
short-term goal for these MDA programs [2]. The success of these interventions may be
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transient if the input of eggs into the aquatic environment is impacted, as is shown in the
difference in the potential for rebound to pre-intervention burden levels and the time to
rebound in these scenarios (Figure 8).
Our study also explores scenarios with initial FOI and worm burdens which do not
resemble the predicted long-term trends of our model without treatment (SI Figure 1). While
there is a potential mismatch between the burden level and the assumed initial FOI there are
specific circumstances in which the FOI may not correspond to the equilibrium level of
prevalence expected for that level of infection risk. For instance, a high initial population
burden and a low level of infection risk (FOI) could be the result of other newly introduced
intervention measures such as infrastructure improvements, molluscicide applications or a
snail removal effort. There is also a potential mismatch between a low initial population
burden and a high FOI, this could occur in an instance where the estimates of population
infection are based on a non-representative sample of the population with a lower-thanaverage burden, or where there is a rise in the FOI due to alteration of exposure. An
escalation in risk of infection may be due to increases in the snail host population, an outside
influx of infection, or an alteration of the water sources used by the population. The impact
of the worm burden distribution in the population between those individuals targeted by
MDA and those who do not undergo regular treatment may be better understood by future
work to validate this model through the expansion of prevalence surveys and MDA to
ascertain the population level burden and the background FOI prior to and after MDA
campaigns.
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There are several limitations of this study, notably the simplification of the
relationship between egg production and force of infection, as we did not explicitly model
the intermediate snail host population. This simplification was included so as to make the
model easily generalizable to populations with varying S. mansoni burden levels. Future
work could parameterize the model to include the proportions of populations treated with
MDA and calibrate the model to the pre-intervention and post-intervention burden levels in
the population. Also, this model assumes a consistent relationship between population egg
output and risk of infection. The risk of infection may be altered by seasonal fluctuations in
the intermediate snail host population or human water source exposure. Though widespread
praziquantel resistance has not been identified there is the possibility of developing
praziquantel resistance with increased selection pressure under more frequent and expansive
treatment regimes [35,36]. Resistance to praziquantel could drastically alter the efficacy of
praziquantel and the success of MDA campaigns.
As has been mentioned in other work, due to the robustness of the Schistosoma
system and the possibility of reinfection, a more comprehensive intervention plan is needed
for elimination or long-term reduction in high burden situations [22,24,37-39]. Our study
suggests that there are no substantial benefits for more than six treatments a year under most
situations, and in the majority of our scenarios there are diminishing returns after three
treatments a year. This stagnation in effectiveness concurs with recent studies which posit
that the expansion of treatment to include adults and more frequent treatment timing is
necessary to reach elimination and that the addition of snail control would be particularly
helpful in high-risk communities [20,22,37,38]. However, we also find persistence in low
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and moderate FOI and burden populations when 50% or less of the population contributing to
transmission is treated with praziquantel. This persistence is due to reinfection, as the FOI is
not substantially altered, and to the survival of the juvenile schistosomes after praziquantel
treatment. Therefore, if logistics and resources allow for investment in more frequent
treatment, greater treatment coverage, or longer intervention campaigns, our results indicate
that two or three treatments a year are advantageous, but to achieve elimination very broad
community coverage is necessary. Furthermore, interventions longer than a few years are not
substantively more effective than shorter interventions of the same coverage and frequency.
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Chapter 4: Seasonality and Treatment Timing of Schistosomiasis in an Endemic Setting

Introduction
Schistosomiasis is a neglected tropical disease for which 700 million individuals are
at risk [1]. The most common of the Schistosoma parasites in sub-Saharan Africa, S.
mansoni, is dependent on both humans and Biomphalaria snail species for sustained
transmission and survival. Despite the existence of a relatively low-cost drug treatment with
minimal side effects, Praziquantel, the infection is endemic in Kenya, with infection rates in
children as high as 80 percent [2-5]. More infrequently, molluscicides such as niclosamide,
are introduced to the water source to temporarily eliminate the local snail population and
reduce transmission [6-7]. However, the high rates of infection make it apparent that the
transmission cycle is very robust to perturbation by these primary control strategies. As the
snail population is fundamental to the transmission of this parasite, we propose an integrated
approach combining detailed data on the seasonal ecology of the intermediate host in an
endemic setting with a mathematical model of disease transmission to elucidate the
transmission dynamics and to determine if there is an advantageous seasonal time for mass
drug administration.
Schistosoma mansoni utilizes humans as its obligate definitive host with sexual
reproduction occurring within the mesenteric veins of the intestines. The resulting excreted
schistosoma hatch in water and become free living miracidia. The miracidia penetrate the
obligate intermediate host, freshwater planorbid snails of the genus Biomphalaria, and
asexual reproduction produces another free-living form, cercariae. The cercariae are released
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into the water and penetrate the skin of individuals coming into contact with the water source
and the transmission cycle begins anew.
Freshwater snail density and population structure are thought to vary with
environmental conditions such as water temperature, water velocity and overall water body
area. These habitat characteristics may vary seasonally in an endemic country such as Kenya,
as the climate has distinct wet and dry seasons [28]. Seasonal changes in water temperature
can alter snail and S. mansoni reproduction rates; and there is a temperature threshold above
which mortality significantly increases and snail behavior may change [17-21]. Variation in
water velocity and overall water volume may reduce suitable habitat if water velocities are
too high or there is a reduction in stream volume, or increase habitat with low velocity
flooding [22-23]. Population density can also be affected by resource availability or
intraspecific competition [24]. An increase in snail density may either reduce the fitness of
these snails or merely consolidate the free-living stages of S. mansoni and increase the force
of infection (FOI) to humans and snails. An understanding of the relationship between the
snail population density, the proportion infected with S. mansoni and the aforementioned
attributes of the hydrologic system would elucidate any seasonal variation in the force of
infection from snails to humans. Quantification of these natural fluctuations might better
inform a mathematical model of schistosomiasis transmission and highlight the times of year
when the system is most vulnerable to a reduction in transmission through treatment.
Mathematical models of disease transmission have often been used to elucidate
transmission dynamics and inform the scope and coverage needed by interventions to have
maximal effect. Numerous mathematical models have explored the transmission dynamics of
schistosomiasis, with some addressing the effect of drug treatment and molluscicides on the
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transmission cycle, and a few that included detailed dynamics in the snail population [8-16].
However, a model combining naturally occurring seasonal fluctuations in a stratified
intermediate host population and infection status with intervention effects has not been
constructed. A model which includes this realistic variability, may not only support the most
advantageous intervention strategy at a local scale but could be broadly applicable to similar
local disease transmission systems in the region.

Methods
Field Site Data
We conducted bimonthly surveys of relative and absolute Biomphalaria density and
their S. mansoni infection status, from a 300-meter section of Asao stream (−0.31810,
35.00690) in western Kenya from 2013-2018 and 2014-2018 respectively. The region
surrounding Asao stream is endemic for S. mansoni, with estimates of infection in schoolaged children in nearby settlements as high as 77 percent [25]. Asao stream is the primary
water source for much of the surrounding area and as such is a major focus for
schistosomiasis transmission. The standard relative snail density was acquired through snail
collection with a long-handled scoop near the edge of the waterbody for a set 30 minute
period [29]. Absolute Biomphalaria snail density was obtained through isolation of a section
of the stream with an open-ended plastic container. The interior of the isolated stream section
and the first few centimeters of substrate was examined for all snail species with a 2mm
mesh sized scoop. After collection the depth of the water in the isolated section was
measured at three points and the average depth was used to calculate the volume of water
present in the isolated section. Absolute density measurements were taken at six locations
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along the stream section and the results were pooled for our analyses. Due to the greater
effort and time necessary to complete absolute density surveys they were done for a shorter
time period. Relative Biomphalaria density was collected at sites adjacent to the absolute
density and identification of collected snails was performed with a taxonomic guide [29]. S.
mansoni infection status of all collected snails from both sampling regimes was determined
through the “shedding” of S. mansoni cercariae after collection in the protocol detailed in
previous work [29]. Daily precipitation and maximum and minimum air temperature for the
study period were obtained from the weather station at nearby Kisumu International Airport.

Mathematical Model

We created a deterministic ordinary differential equations model to evaluate the impact of
seasonal fluctuation in snail infection prevalence and population size on the projected impact
of MDA on the force of infection to humans. The model includes varying age and infection
classes for both humans and snails (Figure 1). This model is an expansion of a previously
published model with snail age stratification [29]. Three distinct age classes present in the
human population are included because most MDA campaigns target only school-aged
children, and in many communities school-aged children have the highest S. mansoni burden
and are thought to contribute disproportionately to transmission. The human population size
is set to 100 individuals and the demography is parameterized to fit to current population
estimates for Kenya [32]. The proportion of humans infected was calibrated to reflect
endemic levels of S. mansoni infection. Each age group also contributes different
amounts of eggs to the environment, due to differing worm burdens between age classes,
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and the probability of excreted eggs reaching the nearby waterbody, which is included in the
FOI. The snail population contains both juvenile and adult Biomphalaria as the age at
infection can alter the projected cercarial output of infected snails and alter dynamics [29,30].
Fitness costs such as differential mortality, growth and fecundity incurred with S. mansoni
infection were also included in the snail population. Parameter description and values for the
model are found in Table 1.

Figure 1: Conceptual diagram of schistosomiasis transmission model.

This compartmental model was used to broadly determine if seasonally-based treatment
timing is beneficial in a hyperendemic setting. Equations for the model are presented in the
supplementary information. We implemented a once yearly intervention, similar to the MDA
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of Praziquantel, in which 90 percent of infected school-aged children were assumed to have
successfully cleared infection. Cyclical variations in snail population size and infection
prevalence similar to those found in field data were obtained through seasonal pulsing of
miracidial hatching and snail searching efficiency, represented as the snail to human
transmission rate, and fluctuations in the snail carrying capacity of the environment (Figure
5). The MDA was applied at the beginning of each season ( short rainy, long rainy, short dry
and long dry) to evaluate the impact of seasonal changes in snail population size and on
projected cercarial output and therefore FOI to the human population.

Variable

Description

Value

Source

m

Maximum number of
snails in the
environment

5,000-25,000

Estimated from absolute
snail density field data

w

Liters of water in the
environment

20,000

Estimated from absolute
snail density field data

l2

Reduced rate of
maturation in infected
neonates/juveniles

0.714 of maturation
rate in uninfected
neonates/juveniles

[34]

w2

Average time to mature 12 weeks
from juvenile to adult

[15,34]

1/dm

Lifespan of miracidia

4–16 h

[35]

1/dc

Lifespan of cercariae

8–20 h

[35]

u1

Mortality rate of
uninfected snails

0.007–0.152/week

[30,36]
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u2

Mortality rate of
infected snails

0.062–0.607/week

f1

Fecundity of susceptible 40/week
adult snails

[37-41]

f2

Fecundity of exposed
adult snails

4.77/week

[37-41]

f3

Fecundity of infected
but not castrated snails

4.77/week

[37-41]

g

Castration rate of snails 0.1667/week

[37]

1/y

Prepatent period in
snails

18–45 days

[18]

e1

Exposure rate of snails
to miracidia

.06 / week

Estimated

p1

Per parasite
susceptibility for snails

0–1

Estimated

s2

Shedding rate of
juvenile snails

5500/week

[36,42]

s4

Shedding rate of large
adult snails

6800/week

[36,42]

B1

Snail-to-human
transmission rate below school-aged
children

.0000001-.000001

Estimated

B2

Snail-to-human
transmission rate school-aged children

.0000001-.000001

Estimated

B3

Snail-to-human
transmission rate adults

.0000001-.000001

Estimated
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[30,36]

B4

Human to snail
transmission rate

.0000001-.000001

Estimated

Ag1

Aging from below
school-aged to school
aged

1/262.5 per week
(5 year span)

Estimated

Ag2

Aging from school-aged 1/682.5 per week
to adult
(13 year span)

Estimated

A1

Rate of transition from
schistosomulae to adult
worms

1/14 per day

Estimated

U3

Mortality rate for
schistosoma

1/1095per day

[43]

U4

Mortality rate for
humans

1/3412.5 per week
(65 year lifespan)

[43]

Y

Proportion of eggs that
pass out of human host

.5

Estimated

Tx

Efficacy of Praziquantel 70-90%
on S. mansoni

[4]

u5

Recovery rate of
infected humans
(average lifespan of
schistosomes)

3 years

[43]

p2

Proportion of infected
humans who have a
light infection

0-1

Estimated

p3

Proportion of infected
0-1
humans with a moderate
infection

Estimated

p4

Proportion of infected
humans with a heavy
infection

Estimated

0-1
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g1

Eggs produced by a
lightly infected human

7000/week

[43]

g2

Eggs produced by a
moderately infected
human

28000/week

[43]

g3

Eggs produced by a
heavily infected human

70000/week

[43]

Table 1: Model parameter description and values

Results
Snail Density
The weather profile for Kisumu during our study period is consistent with the general pattern
of the region: minimal temperature variation and one major rainy season March – May,
followed by a dry season June – October, and a smaller rainy season November and
December (Fig 2, SI Figs. 1-2).
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Figure 2: Total monthly rainfall (mm) and days of rainfall per month for Kisumu, Kenya
from January 2013-January 2018.

During our study period we found high intra-annual and interannual variability in snail
population size (estimated by our relative snail density surveys) and absolute snail density
(Fig 3). This intra-annual variability was also present in the prevalence of S. mansoni
infection in all Biomphalaria snails collected in both the relative and absolute density
surveys (Fig 5).

118

a
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b

Figure 3: There is high interannual variability in the both the relative and absolute density
of snails. Panel a: The median relative density values show an increase during Sept – Nov.
Panel b: The paucity of the data does not allow for the identification of consistent seasonal
trends.
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Figure 4: There is high interannual variability in the percentage of the snail population
which is Biomphalaria, in both our relative density surveys (Panel a) and our absolute
density surveys (Panel b) but overall Biomphalaria does dominate the snail assemblage
during most of the study period.
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Figure 5: There is high interannual variability in the prevalence of S. mansoni infection in
Biomphalaria, with a peak in most years? during the long dry season.

The snail population size and composition varies considerably over the study period (Figs 34, SI Fig 3). To determine if the previous snail population size, composition, infection
prevalence or climatic factors were potentially predictive of future infection or snail
population size we performed spearman tests for correlation on lagged variables (SI Tables
123

1-2). The percent of the population composed of Biomphalaria snails is not correlated with
the relative or absolute snail density estimates and does not appear to be correlated with any
rainfall related variables. There was a correlation with minimum daily temperature five
months prior, (p-value =0.0057, r=-0.5947) but as there is minimal fluctuation in these daily
minimum temperatures and this does not correspond with snail thermal tolerance or life
history traits and is not part of a larger trend, we consider it to be an artifact of the data rather
than a meaningful relationship. The same argument may be made for the other climatic
variable related correlations with low p-values present in the supplementary tables.

The current S. mansoni infection prevalence and the percentage of Biomphalaria snails
within the total snail community assemblage are correlated with their previous levels
measured in the last survey, 2 months prior (p-value =0.0298, 1.732e-05, cor=0.4438,
0.7586, SI Figs 4-5). This may indicate that bimonthly surveys are frequent enough to
capture some continuity in the snail population dynamics. The percent of Biomphalaria
infected with S. mansoni also shows substantial variation but this is not correlated with the
current snail population size or composition. These fluctuations do not appear to be directly
related to shifts in temperature and rainfall but instead to prior snail community composition,
with a correlation between high S. mansoni prevalence and prior dominance of Biomphalaria
in the snail assemblage in the relative density data. The current prevalence of S. mansoni
infection is correlated with the percentage of Biomphalaria snails in the snail population
from the previous survey and surveys 10 and 12 months prior (p-value=0.0420, 0.0022,
0.0053, cor=0.4181, 0.6127,0.6428 , SI Fig 65). It may be important to note that in
preliminary general linear models, the percent Biomphalaria present in the snail assemblage
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12 months prior was a better predictor of S. mansoni infection than all other Biomphalaria
relative density surveys and previous S. mansoni infection prevalence data. This does imply a
seasonal trend that may not be captured in our rainfall and temperature data.

Absolute all snail and Biomphalaria density was correlated with relative all snail and
Biomphalaria density (p-value =0.0211, 0.017, cor =0.6079,0.6243, SI Figs 7-8). This strong
correlation between absolute and relative snail density indicates that the less labor-intensive
timed snail collection (relative density) may be a reasonable substitute under these
conditions. However, the quantification of the range of snail density may still be useful for
parameterization of S. mansoni transmission models.
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Seasonal Model

Figure 5: Total snail population size and infection prevalence from simulation output with
seasonal forcing.

After the implementation of a single round of MDA the model was run for two years. The
cercarial production of the snail population was impacted by the MDA and resulting decrease
in force of infection to snails, however this impact was transient. Over the course of the year
following MDA, the total cercariae produced by the snail population was consistently high
irrespective of the season in which the treatment was applied (Figure 6). The system was
robust enough so that reinfection of the human population occurred and the total cercarial
production over the year after MDA was not substantially lower in a population with school-
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aged children treated with MDA in comparison to an untreated human population (Figure
7). Overall, the reduction of S. mansoni infection in school aged children by 90 percent
during any season was not sufficient to substantially reduce the total cercarial output and
therefore the potential force of infection to humans over longer time scales (Figure 7).

Figure 6: The season of treatment does not have an appreciable impact on the total cercariae
produced over the year following the intervention.
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Figure 7: Once yearly treatment of school aged children does not have an appreciable impact
on the total cercariae produced over the year following the mass drug administration.

Discussion

Our results indicate that the application of a once yearly MDA may not have longer term
impacts on the risk of infection to humans. The seasonal fluctuations in the snail population
and snail infection are not correlated with weather variables. Due to the effectiveness of
praziquantel on schistosomes there is undoubtedly a reduction in S. mansoni burden within
the treated human population, but this does not appear to translate to a decrease in overall
snail infection with S. mansoni irrespective of the time of year at which the MDA is applied.
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The snail population in this particular setting varied substantially in size, composition and
infection prevalence within and between years in the study period. Despite these fluctuations
the snail population effectively continued the transmission of S. mansoni. In this robust
transmission system and in a relatively stable endemic setting there are only transient impacts
on total cercariae production. Therefore, an MDA applied to school-aged children may not be
sufficient to decrease or interrupt transmission. This concurs with recent work asserting the
transient impact of a once yearly MDA applied in moderate or high prevalence settings [32].

There are limitations to this model due to the scarcity of the absolute density data and lack of
concurrent human prevalence data. Furthermore, the calibration of this model to more
seasonally impacted environments which may have reduction in transmission may identify
advantageous times for treatment. For instance, certain stream systems in the region may
have sustained breaks in transmission for up to two months – i.e. from a flooding event
where that water body is then not used or from a drying event which disrupts transmission
when the waterbody is absent and some of the snails aestivate. These results indicate that if
elimination is the target in an endemic environment then future work should focus on more
frequent MDA, expansion of MDA to a larger portion of the population or a combination of
MDA and snail control.
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Description of Model Variables
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Model Equations
For all model structures including snails, the differential equations describing the Human
Population are given by

The differential equations describing the free-living parasite and snail populations differ for
each model structure and are detailed below.

Completely Stratified Model

138

139

Neonatal Juvenile and Large Model

140

Juvenile Small and Large Model
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Juvenile and Large Model
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Small and Large Model
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Unstratified Model
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No Snail Model

Next Generation Matrix
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Completely Stratified NGM Equations
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Sensitivity Plots
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Figure 1: Sensitivity of snail infection prevalence, human infection prevalence and R0 to the
exposure rate of snails per week per cercarial density.
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Figure 2: Sensitivity of snail infection prevalence, human infection prevalence and R0 to the
probability of eggs successfully becoming miracidia

R0 Plots
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Figure 3: Sensitivity of snail infection prevalence, human infection prevalence and R0 to the
snail to human transmission rate
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Figure 4: Sensitivity of snail infection prevalence, human infection prevalence and R0 to the
per parasite susceptibility of snails
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Figure 5: Sensitivity of snail infection prevalence, human infection prevalence and R0 to the
maximum number of snails in the environment
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Figure 6: Snail infection prevalence, human infection prevalence and cercarial density at
equilibrium are primarily sensitive to the snail to human transmission rate over a range of
snail exposure rate values.
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Figure 7: Snail infection prevalence, human infection prevalence and cercarial density at
equilibrium are sensitive to the snail to human transmission rate and per parasite
susceptibility of snail values.
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Figure 8: Snail infection prevalence, human infection prevalence and cercarial density at
equilibrium are sensitive to the snail to human transmission rate and the probability of eggs
becoming miracidia.
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Figure 9: R0 at equilibrium is primarily sensitive to the snail-to-human trans- mission rate
and is greater in age stratified models than in unstratified models under comparable snailto-human transmission rate and snail density.
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Figure 10: Estimates of R0 at equilibrium for each model subset with constructed possible
parameter sets from LHS.
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Figure 11: Median R0 estimates constructed with LHS over a range of snail-to- human
transmission rate values, habitat volume and maximum snail population sizes. The model
without any snail age stratification displays higher median snail infection prevalence
estimates over a range of snail-to-human transmission rate values.
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Table 2: The p-values corresponding to Kruskal-Wallis pairwise comparisons for different
model options of the median values of snail infection prevalence presented in Figure 6a. The
overall chi-square statistic for this test is 523.8573 and the corresponding p-value is 5.6487e111.
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Table 3: The p-values corresponding to Kruskal-Wallis pairwise comparisons for di↵erent
model options of the median values of human infection prevalence pre- sented in Figure 6b.
The overall chi-square statistic for this test is 1.2617e+03 and the corresponding p-value is
2.0692e-269.
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Table 4: The p-values corresponding to Kruskal-Wallis pairwise comparisons for di↵erent
model options of the median values cercarial density presented in Figure 6c. The overall chisquare statistic for this test is 401.2957 and the corresponding p-value is 1.5596e-84.

Table 5: The p-values corresponding to Kruskal-Wallis pairwise comparisons for di↵erent
model options of the median values of R0 presented in Supplementary Figure 10. The
overall chi-square statistic for this test is 6.9884e+03 and the corresponding p-value is 0.
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Figure Supplement 1

Conceptual diagram of the mathematical model. Each snail class includes both juvenile and
adult age groups.
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Figure Supplement 2
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The proportion of snails shedding S. mansoni and C. sukari under a range of miracidial
inputs and exposure rates. The impact of miracidial input levels on the proportion of snails
shedding each parasite and the miracidial input levels which result in levels seen in our field
data vary with B. pfeifferi exposure rates.
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Figure Supplement 3

The infection prevalence of S. mansoni and C. sukari in B. pfeifferi and their cercarial
production are sensitive to both the exposure rate per week per snail density in the habitat
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and the weekly input of S. mansoni miracidia (3a), but less sensitive to the weekly input of C.
sukari miracidia (3b).

Supplementary Table 1: Description of Model Variables
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Supplementary Table 2: Description of parameter values
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(a) Parameters calibrated from prevalence data; (b) Parameters estimated directly from
laboratory experiments; (c) Parameters estimated directly from field data.
Model Equations
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§ Table S1: Model Equations
§ Table S2: Description of Oxamniquine Model Parameters
§ Figure S1: Equilibrium schistosome distributions
§ Figure S2: Null assumption plot: 70 percent for all stages
§ Figure S3: Null assumption plot: 90 percent for all stages
§ Figure S4: Oxamniquine Plot: Total schistosomes
§ Figure S5: Oxamniquine Plot: Adult female schistosomes
§ Figure S6: Two Year Intervention: Total schistosomes
§ Figure S7: Two Year Intervention: Adult female schistosomes
§ Figure S8: Five Year Intervention: Total schistosomes
§ Figure S9: Five Year Intervention: Adult female schistosomes
§ Figure S10: Three Year Intervention: Eggs
§ Figure S11: Three Year Intervention: Adult female schistosomes
§ Figure S11: Two Treatment Intervention: Total schistosomes
§ Figure S12: Three Treatment Intervention: Total schistosomes
§ Figure S13: Three Treatment Intervention: Adult female schistosomes
§ Figure S14: Five Treatment Intervention: Total schistosomes
§ Figure S15: Proportion of Individuals: Total schistosome die out
§ Figure S16: Proportion of Individuals: Adult female schistosome die out
§ Figure S17: Proportion of Individuals: Egg die out
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§ Figure S18: Proportion of Time: Total schistosome die out
§ Figure S19: Proportion of Time: Adult female die out
§ Figure S20: Proportion of Time: Egg die out
§ Figure S21: Individual Linked FOI: 2-5 Year Interventions
§ Figure S22: Individual Linked FOI: Post-Intervention
§ Figure S23: Sensitivity analyses for scaling parameter

Table S1: Epidemiological Model Details
Event
Acquisition of
schistosomulae:
Unlinked FOI
Aging of
Sch1/New Sch2
Death of Sch1
Death of Sch2
Aging of Sch2 /
New Jf1
Aging of Sch2 /
New Jm1
Death of Jf1
Death of Jm1
Aging of Jf1, /
New Jf2
Aging of Jm1 /
New Jm2
Death of Jf2
Death of Jm2
Aging of Jf2 /
New Jf3
Aging of Jm2/
New Jm3
Death of Jf3
Death of Jm3

State variables that change in response to
event
(Sch1)à (Sch1+1)

Transition Rate

(Sch1, Sch2)à (Sch1 -1, Sch2 +1)

A1 Sch1

(Sch1)à (Sch1-1)
(Sch2)à (Sch2-1)
(Sch2, Jf1)à (Sch2-1, Jf1+1)

U1 Sch1
U1 Sch2
P2 A1 Sch2

(Sch2, Jm1)à (Sch2-1, Jm1 +1)

P1 A1 Sch2

(Jf1)à (Jf1-1)
(Jm1)à (Jm1-1)
(Jf1, Jf2)à (Jf1-1, Jf2+1)

U2 Jf1
U2 Jm1
A2 Jf1

(Jm1, Jm2)à (Jm1-1, Jm2+1)

A2 Jm1

(Jf2)à (Jf2-1)
(Jm2)à (Jm2-1)
(Jf2, Jf3)à (Jf2-1, Jf3+1)

U2 Jf2
U2 Jm2
A2 Jf2

(Jm2, Jm3)à (Jm2-1, Jm3+1)

A2 Jm2

(Jf3)à (Jf3-1)
(Jm3)à (Jm3-1)

U2 Jf3
U2 Jm3

172

B

Aging of Jf3 /
(Jf3, Af1)à (Jf3-1, Af1+1)
A2 Jf3
New Af1
Aging of Jm3/
(Jm3, Am1)à (Jm3-1, Am1+1)
A2 Jm3
New Am1
Death of Af1
(Af1)à (Af1-1)
U4Af1
Death of Am1
(Am1)à (Am1-1)
U3Am1
Aging of Af1/
(Af1, Af2)à (Af1-1, Af2+1)
A3Af1
New Af2
Aging of Am1 /
(Am1, Am2)à (Am1-1, Am2+1)
A3Am1
New Am2
Death of Af2
(Af2)à (Af2-1)
U4Af2
Death of Am2
(Am2)à (Am2-1)
U3Am2
Eggs produced
(E)à (E+1)
RV(Af1+Af2)
Eggs Released
(E)à (E-1)
YE
to the
environment
Acquisition of
(Sch1)à (Sch1+1)
.5(B)+.5(mean(E))SC
schistosomulae:
50%
Population
Linked FOI
Acquisition of
(Sch1)à (Sch1+1)
.25(B)+.75(mean(E))SC
schistosomulae:
75%
Population
Linked FOI
Acquisition of
(Sch1)à (Sch1+1)
B(mean(E))SC
schistosomulae:
100%
Population
Linked FOI
Acquisition of
(Sch1)à (Sch1+1)
(BE)SC
schistosomulae:
Individually
Linked FOI
§ The model is implemented as a continuous-time Markov process, which is simulated
using the Gillespie τ-leap method with a time-step of one day (τ = 1 day). During
each time-step, for each event listed above, the number of events that occur is
drawn from a Poisson distribution with mean equal to τ multiplied by the transition
rate for that event. The mean Egg population refers to the mean of the distribution
of eggs produced by the entire (100 individual) human population.
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Table S2: Description of Model Parameters

Variable

Description

Value

Source

Tx1

Efficacy of Oxamniquine on Sch1

85%

[23]

Tx2

Efficacy of Oxamniquine on Sch2

70%

[23]

Tx3

Efficacy of Oxamniquine on Jm1

67%

[23]

Tx4

Efficacy of Oxamniquine on Jm2

67%

[23]

Tx5

Efficacy of Oxamniquine on Jm3

67%

[23]

Tx6

Efficacy of Oxamniquine on Jf1

67%

[23]

Tx7

Efficacy of Oxamniquine on Jf2

67%

[23]

Tx8

Efficacy of Oxamniquine on Jf3

67%

[23]

Tx9

Efficacy of Oxamniquine on Af1

67%

[23]

Tx10

Efficacy of Oxamniquine on Af2

67%

[23]

Tx11

Efficacy of Oxamniquine on Am1

90%

[23]

Tx12

Efficacy of Oxamniquine on Am2

90%

[23]

Sc

Scaling parameter

1/500000

Estimated

B

Force of infection to humans

.5-25

Estimated
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Figure S1: Estimated mean worm burden at varying FOI levels without intervention.
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70% Efficacy

Figure S2: Assuming 70% all-schistosome stage mortality, total worm burden after a 3-year
intervention period under varying treatment timing regimes. The boxplots show the mean
adult worm burden for the population over 1,000 runs, while the shaded points show the
adult worm burden in each individual in the population over 1,000 runs.

176

Oxamniquine Treatment

Figure S3: Oxamniquine treatment. Total schistosomes after a 3-year intervention period
under varying treatment timing regimes. The boxplots show the mean adult worm burden for
the population over 1,000 runs, while the shaded points show the adult worm burden in each
individual in the population over 1,000 runs.
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Oxamniquine Treatment

Figure S4: Oxamniquine treatment. Adult females after a 3-year intervention period under
varying treatment timing regimes. The boxplots show the mean adult female burden for the
population over 1,000 runs, while the shaded points show the adult female burden in each
individual in the population over 1,000 runs
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High Initial Burden

Low Initial Burden

179

Figure S5: Total schistosomes after a 2-year intervention period under varying treatment
timing regimes. The boxplots show the mean adult worm burden for the population over
1,000 runs, while the shaded points show the adult worm burden in each individual in the
population over 1,000 runs.

High Initial Burden

180

Low Initial Burden

Figure S6: Adult females after a 2-year intervention period under varying treatment timing
regimes. The boxplots show the mean adult female burden for the population over 1,000
runs, while the shaded points show the adult female burden in each individual in the
population over 1,000 runs.
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High Initial Burden

Low Initial Burden

182

Figure S7: Total schistosomes after a 5-year intervention period under varying treatment
timing regimes. The boxplots show the mean adult worm burden for the population over
1,000 runs, while the shaded points show the adult worm burden in each individual in the
population over 1,000 runs.

High Initial Burden

183

Low Initial Burden

Figure S8: Adult females after a 5-year intervention period under varying treatment timing
regimes. The boxplots show the mean adult female burden for the population over 1,000
runs, while the shaded points show the adult female burden in each individual in the
population over 1,000 runs.
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High Initial Burden

Figure S9: Schistosome egg population after a 3-year intervention period under varying
treatment timing regimes. The boxplots show the mean eggs produced for the population
over 1,000 runs, while the shaded points show the eggs in each individual in the population
over 1,000 runs.

High Initial Burden
185

Low Initial Burden
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Figure S10: Total worm burden after two treatments under various FOI initial conditions (B),
types and treatment intervals. The boxplots show the mean adult worm burden for the
population over 1,000 runs, while the shaded points show the adult worm burden in each
individual in the population over
1,000 runs.

High Initial Burden

187

Low Initial Burden

188

Figure S11: Total worm burden after three treatments under various FOI initial conditions
(B), types and treatment intervals. The boxplots show the mean adult worm burden for the
population over 1,000 runs, while the shaded points show the adult worm burden in each
individual in the population over 1,000 runs.

High Initial Burden
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Figure S12: Adult female burden after three treatments under various FOI initial conditions
(B), types and treatment intervals. The boxplots show the mean adult female worm burden
for the population over 1,000 runs, while the shaded points show the female adult worm
burden in each individual in the population over 1,000 runs.

High Initial Burden

190

Low Initial Burden

191

Figure S14: Total worm burden after five treatments under various FOI initial conditions (B),
types and treatment intervals. The boxplots show the mean adult worm burden for the
population over 1,000 runs, while the shaded points show the adult worm burden in each
individual in the population over 1,000 runs.

Total Schistosome Die Out: High Initial Burden
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Total Schistosome Die Out: Low Initial Burden
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Figure S15: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of individuals who experience total schistosome die out over 1,000 runs.

Adult Female Die Out: High Initial Burden

194

Adult Female Die Out: Low Initial Burden

Figure S16: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of individuals who experience adult female schistosome die out over 1,000 runs.

195

Egg Die Out: High Initial Burden

196

Egg Die Out: Low Initial Burden

Figure S17: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of time during the intervention period when there were zero eggs produced with
either a low or high initial worm burden.
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Time with Schistosome Die Out: High Initial Burden

198

Time with Schistosome Die Out: Low Initial Burden

Figure S18: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of time with total schistosome die out over 1,000 runs.
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Time with Adult Female Die Out: High Initial Burden

200

Time with Adult Female Die Out: Low Initial Burden

Figure S19: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of time with adult female schistosome die out over 1,000 runs.
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Time with Egg Die Out: High Initial Burden

202

Time with Egg Die Out: Low Initial Burden

Figure S20: A measure of transmission interruption over 3-year intervention period under
varying treatment timing regimes and FOI types and values. The boxplots show the
proportion of time without egg production over 1,000 runs.
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Individual Linked FOI

Figure S21: Total worm burden after 2, 3, or 5-year interventions under various FOI initial
conditions (B), with an individually linked FOI. The boxplots show the mean adult worm
burden for the population over 1,000 runs, while the shaded points show the adult worm
burden in each individual in the population over 1,000 runs.
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Individual Linked FOI Rebound

Figure S22: Schistosome population trajectory in 24 months after the cessation of 3-year
intervention period where treatment was applied every 6 months. The mean adult worm
burden number under various FOI types and initial values (B) summarized over 1,000 runs.
Dashed red lines indicate the mean worm burden equal to 50, 100, and 200 percent of the
moderately infected population mean worm burden prior to the intervention.
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Figure SZZZZZZ: Adult female schistosomes after a 3-year intervention period under
varying treatment timing regimes and FOI initial values (B) and feedback types. The points
represent the mean number of adult females in the entire human population over 1,000 runs.
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Chapter 4: Supplementary Information

Figure SI 1: Total monthly rainfall (mm) and days of rainfall per month for Kisumu, Kenya
from January 2013-May 2017.

Figure SI 2: Mean minimum and maximum daily temperatures for Kisumu, Kenya.
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Figure SI 3: Total snail population size and percentage of total snail population comprised of
Biomphalaria snails.
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Figure SI 5: Percentage of total snails that are Biomphalaria from the current survey is
positively correlated with previous percentage of Biomphalaria in the snail population
(Spearman’s correlation r= 0.7774 , p-value= 5.488e-05).
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Figure SI 6: Current S.mansoni infection prevalence is positively correlated with the
percentage of Biomphalaria in the snail population from approximately two months prior
during the previous survey (Spearman’s correlation r= 0.5045, p-value= 0.0233).
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Figure SI 7: Current total Biomphalaria collected, relative density, is positively correlated
with the absolute Biomphalaria density. (Spearman’s correlation r= 0.7046633 , p-value=
0.004892).
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Figure SI 8: Current total snails collected, relative density, is positively correlated with the
absolute snail density. (Spearman’s correlation r= 0.60797093, p-value= 0.02108).
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- Relative
Density
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Density
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Density
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(Dry or Wet)

0.3369
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SI Table 1: The p-values from spearman test for correlation for snail population size,
density, composition and S. mansoni infection prevalence with precipitation variables. Those
with p-values <0.05 are listed in red.
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Table S2: Description of Variables

Variable

Description

S1

Susceptible human - below school age (<5 years)

E1

Exposed human - below school age (<5 years)

I1

Infected human - below school age (<5 years)

S2

Susceptible human - school aged (5-18 years)

E2

Exposed human - school aged (5-18 years)

I2

Infected human - school aged (5-18 years)

S3

Susceptible human - above school age (18+ years)

E3

Exposed human -above school age (18+ years)

I3

Infected human - above school age (18+ years)

Mir

Miracidia

Sj

Susceptible juvenile Biomphalaria – Aged 0-12 weeks

Sa

Susceptible adult Biomphalaria – Aged 12+ weeks

Ej

Exposed juvenile Biomphalaria – Aged 0-12 weeks
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Ea

Exposed adult Biomphalaria – Aged 12+ weeks

Ij

Infected juvenile Biomphalaria – Aged 0-12 weeks

Ia

Infected adult Biomphalaria – Aged 12+ weeks

Ic

Infected and castrated adult Biomphalaria - Aged 12+
weeks

Cer

Cercariae

Model Equations

Humans
dS1
B1CerSj
= u4 (S1 + S2 + S3 + E1 + E2 + E3 + I1 + I2 + I3) + u5I1 − 3
: − u4S1
dt
w
− Ag1S1
dE1
B1CerSj
E1
=3
:−
− u4E1 − Ag1E1
dt
w
y
dI1
E1
= Ag1E1 − u4I1 +
− Ag1I1 − u5I1
dt
y
dS2
B2CerSj
= Ag1S1 + u5I2 − 3
: − u4S2 − Ag2S2
dt
w
dE2
B2CerSj
E2
= Ag1E1 + 3
:−
− u4E2 − Ag2E2
dt
w
y
dI2
E2
= Ag1I1 +
− u4I1 − u5I2 − Age2I2
dt
y
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dS3
B2CerSj
= Ag1S2 + u5I2 − 3
: − Ag2S2
dt
w
dE3
B2CerSj
E2
= Ag1E1 + 3
:−
− u4E2 − Ag2E2
dt
w
y
dI3
E2
= Ag1I1 − u4I1 +
− u5I2
dt
y

Free-Living Schistosomes
dMir
= YA(p2I1 + p2I2 + p2I3)g1 + (p3I1 + p3I2 + p3I3)g2
dt
Mir
+ (p4I1 + p4I2 + p4I3)g3C − B4Sn(
) − dm(Mir)
w
dCer
= a2(IjSm) + c1(IaSm) − d3(IcSm)
dt

Snails
dSj
𝑆𝑛
𝑀𝑖𝑟
= H(f1Sa + 𝑓2𝐸𝑎 + 𝑓3𝐼𝑎) 31 − :Q − 𝐵4𝑆𝑗𝑝1 3
: − 𝑤2𝑆𝑗 − 𝑢1𝑆𝑗
dt
𝑚
𝑤
dEj
𝑀𝑖𝑟
= 𝐵4𝑆𝑗𝑝1 3
: − 𝑢2𝐸𝑗 − 𝑙2𝑤2𝐼𝑗 − 𝑦𝐸𝑗
dt
𝑤
dIj
= −𝑢2𝐸𝑗 + 𝑦𝐸𝑗 − 𝑙2𝑤2𝐼𝑗
dt
dSa
𝑀𝑖𝑟
= −𝐵4𝑆𝑎𝑝1 3
: − 𝑢1𝑆𝑎
dt
𝑤
dEa
𝑀𝑖𝑟
= 𝐵4𝑆𝑎𝑝1 3
: − 𝑢2𝐸𝑎)
dt
𝑤
dIa
= −𝑢2𝐼𝑎 − 𝑔𝐼𝑎 + 𝑦𝐸𝑗
dt
dIc
= 𝑙2𝑤2𝐼𝑗 + 𝑔𝐼𝑎 − 𝑢2𝐼𝑐
dt
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